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1. Introduction 
 
The cytoplasm of Gram‐negative bacteria such as Escherichia coli  is surrounded by a complex 
cell  envelope  that  is  composed  of  the  inner  (cytoplasmic)  membrane  (IM),  the  outer 
membrane (OM), and the periplasmic space in between (Fig. 1). In E. coli, approximately one‐
third of  the polypeptides  synthesized  in  the  cytoplasm are destined  for  the membranes,  the 
periplasm,  the  cell  surface  or  the  extracellular  environment  (Fig.  1)  (1,  2).  In  Gram‐negative 
bacteria, a remarkable array of mechanisms has evolved to export (translocation across the IM) 
and  secrete  (translocation  across  the  OM)  proteins.  Fourteen  such  systems  have  been 
identified thus  far  (3). The major route  for  the export of proteins  is  the highly conserved Sec 
pathway  (reviewed  in  4),  which  involves  the  translocation  of  proteins  across  the  IM  in  an 
unfolded  conformation  via  the  protein‐conducting  channel  SecYEG  (Sec  translocon).  This 
pathway also functions as the entry point for some of the secretion pathways. For example, the 
most  widely  distributed  secretion  system  in  Gram‐negative  bacteria,  the  autotransporter 
pathway (reviewed in 5), relies on the Sec pathway for initial transport of its substrates out of 
the cytoplasm. Relatively recently, an important export pathway was identified that functions 
in parallel to the Sec pathway: the twin‐arginine translocation (Tat) pathway (reviewed in 6). A 
characteristic  feature of  the  Tat pathway  is  its  ability  to  export  proteins  that  are  in  a  folded 
conformation. 
Proteins are sorted to different cellular  locations and via different pathways based on 
characteristic  targeting  signals.  Proteins  destined  for  locations  beyond  the  IM  are  usually 
synthesized  with  a  removable  amino  terminal  signal  peptide  that  directs  interactions  with 
soluble  cytoplasmic  targeting  factors  upon  its  emergence  from  the  ribosome.  Subtle 
differences in the composition of signal peptides determine whether proteins are targeted via 
the SecB pathway or the signal recognition particle (SRP) pathway. Both pathways deliver their 
substrates  to  the Sec  translocon. Alternatively, based on the presence of a  specific  sequence 
motif  in  the  signal  peptide,  proteins  can  be  sorted  into  the  Tat  pathway.  Upon  or  during 
translocation of the IM, the signal peptide  is usually cleaved off by a signal peptidase (SPase) 
resulting in the release of the mature domain of translocated proteins in the periplasmic space. 
The mature  proteins  are  retained  in  this  compartment  or  will  enter  an  additional  transport 
pathway that facilitates insertion into the OM or secretion into the extracellular milieu. Integral 
inner  membrane  proteins  (IMPs)  are  not  synthesized  with  a  signal  peptide.  Instead,  they 
contain highly hydrophobic transmembrane segments (TMs) that act as targeting signals. These 
TMs are recognized by the SRP, which delivers the IMP to the Sec translocon or to a recently 
identified accessory component of the translocon, YidC (see 4, 7).   
In  the  next  sections,  signal  peptide‐mediated  protein  transport  in  E.  coli  will  be 
discussed  in  more  detail.  Particular  emphasis  will  be  given  to  the  Tat  and  autotransporter 
pathways, the transport systems that provided the context within which the work of this thesis 
was carried out. 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Fig. 1. Schematic representation of an E. coli cell. Proteins are synthesized by ribosomes in the cytoplasm. A large 
population  of  proteins  is  destined  to  the  inner  membrane.  Other  proteins  are  transported  across  the  inner 
membrane  into  the  periplasmic  space,  after  which  a  subpopulation  is  eventually  inserted  into  the  outer 
membrane or secreted into the extracellular environment. 
 
 
2. Signal peptides 
 
Signal peptides can direct proteins to the  IM through different targeting pathways and select 
different  translocation  systems  for  the  actual  transport  across  the  membrane.  While  they 
generally  do  not  have  sequence  homology,  signal  peptides  do  have  a  conserved  tripartite 
structure  comprising  the N‐,  H‐  and  C‐domains  (8).  The  amino  terminal  N‐domain  has  a  net 
positive  charge, which  is  important  for  efficient  protein  export  (9,  10).  The  positive  charges 
have  been  suggested  to  allow  interactions with  components  of  the  translocation machinery 
(11) or negatively  charged phospholipids  in  the  IM  (12, 13).  The H‐domain  forms  the  central 
core  of  the  signal  peptide  and  consists  of  a  stretch  of  primarily  hydrophobic  residues. 
Substantial hydrophobic density, sufficient  length and the propensity to form an α‐helix have 
been shown to be prerequisites for signal peptide functioning (see 14 and refs within). The C‐
domain at  the carboxyl  terminus of  the  signal peptide  is  somewhat more polar and contains 
the determinants for processing by an SPase (15). The most common classes of signal peptides 
in E. coli will be discussed below (see also Fig. 2). 
 
2.1. Sec signal peptides 
The  Sec  signal  peptide  allows  the  exported  protein  to  interact  with  components  of  the  Sec 
machinery (see section 3.1.) such as SecA and SecY (16, 17). Proteins equipped with this type of 
signal peptide are usually referred to as secretory proteins. Sec signal peptides range in length 
from 18 to 30 amino acid residues (8). The N‐domain is usually 5‐6 residues long, although Sec 
signal  peptides  with  longer  N‐domains  do  exist  (see  section  5.2.).  The  H‐domain,  or  central 
hydrophobic  core,  spans  10‐15  residues  (8).  The  C‐domain  is  up  to  6  residues  in  length  and 
includes   a signal peptidase I  (SPaseI) cleavage site (see 18 for a review on SPaseI). Statistical 
and functional analyses showed that amino acid residues with small and neutral side chains at 
the      ‐3 and  ‐1 positions  relative  to  the  cleavage  site  are  strict  requirements  for  cleavage by 
SPaseI  (19‐24).  In general, proteins  carrying Sec  signal peptides mediate  targeting  to  the Sec 
machinery via the SecB pathway. However, some proteins carrying a Sec signal peptide with an 
H‐domain of relatively high hydrophobicity are targeted via the SRP pathway (see sections 3.2 
and 3.3). 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Fig. 2.  Signal peptides  in E.  coli.  Signal peptides possess a  common  tripartite  structure comprising a positively 
charged N‐domain, a central hydrophobic H‐domain, and a somewhat polar C‐domain that specifies cleavage by 
a specific signal peptidase (SPase). The most common classes of signal peptides  in E. coli are displayed.  (A) Sec 
signal  peptides  target  proteins  to  the  Sec  translocon and possess  a  SPaseI  cleavage  site  (A‐x‐A).  (B)  Tat  signal 
peptides target proteins to the Tat system. They have a relatively long N‐domain, possess a conserved (S/T)‐R‐R‐x‐
F‐L‐K motif and are cleaved by SPaseI. (C) Lipoprotein signal peptides target proteins to the Sec translocon. They 
contain a relatively short H‐domain, possess a ‘lipobox’ sequence (L‐x‐x‐C) and are cleaved by SPaseII. 
 
 
2.2. Tat signal peptides 
Signal peptides directing transport via the Tat pathway have an N/H/C‐organisation similar to 
Sec  signal  peptides  and  are  processed  by  the  same  SPase  (SPaseI)  (25).  However,  Tat  signal 
peptides differ from their Sec‐counterparts in a number of structural aspects. Most notable is a 
highly conserved (S/T)‐R‐R‐x‐F‐L‐K consensus sequence at the boundary of the N‐ and H‐region. 
Within this sequence, the twin‐arginine motif, that gave the Tat pathway its name, is virtually 
invariant  (26,  27)  and  crucial  for  efficient  export  via  the  Tat  pathway  (28‐30).  Still,  in  some 
signal peptide contexts, the first arginine can be functionally replaced with another positively 
residue, whereas at the second arginine position an asparagine or glutamine is also tolerated 
(29‐34).  To date,  only  two natural  Tat  substrates  are  known  that  lack  the  arginine dipeptide 
(32, 35). The other residues of the consensus sequence occur at a frequency of more than 50%, 
and around 90% of  the Tat  signal peptides  contain at  least  two of  these additional  residues. 
Hydrophobicity at the position of the conserved phenylalanine was shown to be a prerequisite 
for export of the E. coli Tat substrate SufI (34). 
In  addition  to  the  distinguishing  twin‐arginine  consensus  sequence  motif,  Tat  signal 
peptides  are  significantly  less  hydrophobic  than  Sec  signal  peptides.  This  is  due  to  a  lower 
frequency of leucines and an increased content of threonines and glycines in the H‐domain of 
Tat signal peptides. Increasing the hydrophobicity of the H‐domain was shown to convert a Tat 
signal  peptide  into  a  Sec‐dependent  signal  peptide  despite  the  presence  of  a  twin‐arginine 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motif, suggesting that hydrophobicity plays an important role in Tat versus Sec targeting (36). 
Another  feature  of  Tat  signal  peptides  is  that  they  are  considerably  longer  than  Sec  signal 
peptides  (average  length  of  38  vs  24  residues,  respectively),  which  is mainly  the  result  of  a 
largely  extended  N‐domain  (26).  The  function  of  this  extended  N‐domain  has  remained 
unknown thus far. Finally, the presence of a positively charged residue in the C‐domain of Tat 
signal  peptides  was  thought  to  serve  as  a  so‐called  Sec‐avoidence motif  (30,  37).  However, 
many  Tat  signal  peptides  lack  this  feature.  Furthermore,  a  recent  study  revealed  that  Tat‐
selectivity  is  imposed by  the overall charge of  the C‐domain of  the signal peptide and the N‐
terminus of  the mature domain. A net  charge of +2 or higher has been  reported  to  result  in 
Tat‐specificity while an overall charge of ‐1 or lower resulted in Sec and Tat promiscuity (38). 
Despite secondary structure predictions that suggest the N‐ and H‐domains to form α‐
helical  regions  (39),  X‐ray  crystallography  and  NMR  studies  show  relatively  little  secondary 
structure in a number of Tat signal peptides (40‐42). Probably, this is due to the fact that these 
peptides were analyzed in unbound state. Indeed, when a synthetic peptide corresponding to 
the Tat  signal peptide of  SufI was brought  into a membrane mimicking environment, α‐helix 
formation was  observed  (42).  Consistently,  X‐ray  crystallography  showed  that  the  uncleaved 
signal  peptide  of  the  Rieske  protein  subunit  of  cytochrome b6f  complex  from Mastigocladus 
laminosus  forms  a  transmembrane α‐helix  at  the  periphery  of  the  cytochrome  b6f  complex. 
Interestingly,  this  study  also  showed  that  the  conserved  residues  of  the  Tat  motif  form  an 
autonomous structure  in which the amino acid side chains collapsed onto each other. Such a 
conformation  seems  ineffective  for  sequence  specific  interactions  and may  serve  to  prevent 
improductive associations with  the Tat motif when  it  is no  longer  required  for  targeting  (43, 
44). 
The  E.  coli  genome  is  predicted  to  encode  29  proteins  bearing  a  Tat  signal  signal 
peptide. Of these signal peptides, 27 have been experimentally confirmed to be genuine Tat‐
dependent export signals (38). 
 
2.3. Lipoprotein signal peptides 
The signal peptides of lipoproteins direct export via the Sec translocon (45‐49) but are usually 
shorter than standard Sec signal peptides (19 vs 24 residues, respectively). This is mainly due to 
a shorter H‐domain (50, 51). However, the most striking feature of lipoprotein signal peptides 
is a conserved L‐(A/S)‐(G/A)‐C sequence in the C‐domain, the so‐called “lipobox”, that includes 
a cleavage site for the type II signal peptidase (SPaseII) (46). The cysteine residue in the lipobox 
sequence  is  at  the  +1  position  relative  to  the  cleavage  site  and  is modified  with  diaglycerol 
upon  translocation  across  the  IM.  Subsequently,  the  signal  peptide  is  processed  by  SPaseII, 
yielding  an  apolipoprotein.  Finally,  the modified  cysteine  is  fatty  acylated,  giving  rise  to  the 
mature lipoprotein (52). 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Fig. 3. The SRP and SecB targeting pathways in E. coli. Schematic representation of the SRP and SecB targeting 
pathways in E. coli. SRP binds to a particularly hydrophobic targeting sequence in nascent proteins at L23 near the 
nascent chain exit site on the large subunit of the ribosome. TF, a cytosolic chaperone that also docks at L23, has 
a more  general  affinity  for  nascent  proteins  and may  influence  the  interactions  of  the  SRP.  FtsY  binds  to  the 
ribosome‐nascent chain‐SRP complex and supports targeting to the inner membrane through its affinity for lipids 
and,  possibly,  a  proteinaceous  membrane  factor.  The  nascent  protein  is  transferred  to  the  Sec  translocon 
(SecYEG‐SecDF/YajC‐YidC)  in  a  GTP‐dependent  reaction.  SecB  binds  to  the mature  region  of  secretory  proteins 
with a mildly hydrophobic signal peptide and guides this cargo to the Sec translocon that is identical or similar to 
the translocon reached via the SRP pathway. Taken from (53). 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3. The Sec system 
 
The majority of the proteins exported from the cytoplasm of E. coli  is translocated across the 
IM via the main protein conducting channel, the Sec translocon. The translocon comprises the 
core  subunits  SecY,  SecE,  SecG,  the  additional  components  SecD,  SecF  and  YajC,  and  the 
peripheral  membrane  protein  SecA.  The  IMP  YidC  has  been  identified  as  an  accessory 
component that associates with the translocon. Two major targeting routes that direct proteins 
to  the Sec  translocon have been described  (Fig. 3). Secretory proteins containing moderately 
hydrophobic signal peptides are targeted post‐translationally via the SecB pathway, after which 
they  are  translocated  across  the  membrane  via  the  Sec  translocon  and  released  into  the 
periplasm  upon  processing  of  the  signal  peptide  by  SPaseI.  IMPs  and  proteins  with  more 
hydrophobic  signal  peptides  use  the  co‐translational  SRP  pathway  for  targeting.  The  latter 
group is transported into the periplasm through the Sec translocon similar to SecB‐dependent 
proteins, whereas  IMPs  are  inserted  into  the  IM by  lateral  diffusion  of  their  TMs  out  of  the 
translocon  into  the  lipid  bilayer.  The  peptidyl‐prolyl  isomerase  trigger  factor  (TF)  is  the  first 
protein that interacts with polypeptides upon their emergence from the ribosome. The role of 
TF in targeting of newly synthesized proteins is not clear and subject to debate (see below) (for 
reviews see 7, 54). 
 
3.1. The Sec machinery: Sec translocon and SecA 
The  core  of  the  Sec  translocon  is  formed by  a  highly  conserved  (55)  heterotrimeric  complex 
consisting of three integral membrane proteins named SecY (10 TMs), SecE (3 TMs) and SecG 
(2 TMs), which are present in a 1:1:1 stoichiometry (56). Of these components, SecY and SecE 
are essential for cell viability and form the core of the translocon (see 54). The crystal structure 
of  the Methanococcus  jannaschii SecβYE, which  is homologous to E. coli SecYEG, revealed an 
hourglass‐shaped  polypeptide‐conducting  channel  within  the  SecY  subunit  of  the  SecYEG 
heterotrimer  (57).  It  showed two halves of SecY  that were  linked together  in a clamshell‐like 
manner. It has been proposed that the front side of the complex can open laterally to allow the 
exit of hydrophobic segments (such as TMs) of newly synthesized proteins from the translocon 
into the hydrophobic environment of the lipid bilayer. A plug was identified that is formed by a 
short α‐helical  segment  (TM2a)  that covers  the pore  from the periplasmic  side  in  the  resting 
state.  This  plug  is  believed  to  maintain  the  impermeability  of  the  membrane  to  ions  in 
conjunction  with  a  ring  of  hydrophobic  residues  in  the  pore  that  forms  a  seal  around  the 
translocating  peptide  chain  (57).  The  plug  is  thought  to  be  displaced  from  the  translocation 
pore upon the onset of protein translocation thereby opening the protein‐conducting channel 
(57, 58). 
The  SecYEG  complex  can  associate  with  another  heteromeric  complex  consisting  of 
SecD,  SecF  and  YajC  (59).  SecD  and  SecF  are  polytopic  membrane  proteins  with  large 
periplasmic domains that are essential for cell viability (60), whereas YajC is a single spanning 
IMP with a large cytosolic domain that is not essential (61). Although YajC seems important for 
efficient  protein  translocation  (62,  63),  in  vitro  studies  showed  it  is  not  required  for 
translocation  per  se  (64).    At  present,  the  exact  role  of  the  SecDF(YajC)  complex  in  protein 
export  is  not  clear.  It may  regulate  the  catalytic  cycle  of  SecA  and  control  the movement of 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polypeptide chains through the translocon. Furthermore,  the complex has been suggested to 
function in the late steps of protein translocation, such as the release of translocated proteins 
or the removal of cleaved signal peptides from the translocation channel (see 54). 
SecA is a central component of the Sec machinery that functions as a motor protein in 
the  translocation  of  proteins  through  the  SecY  channel.  In  addition,  it  delivers  secretory 
precursor  proteins  to  the  SecYEG  channel.  SecA may  interact  with  precursors  alone  or  with 
precursors in complex with the chaperone SecB (65‐67) (discussed below). SecA is peripherally 
associated with the cytoplasmic membrane (see 68) and provides the energy to drive protein 
translocation  via multiple  cycles of ATP binding  and hydrolysis  (69,  70).  Its ATPase  activity  is 
stimulated by the precursor protein as a whole and by the signal peptide region on its own (71, 
72).  Structure  determination  revealed  a  flexible  and  elongated  groove  in  the  SecA molecule 
that  can  accomodate  a  variety  of  signal  peptides  (73).  Nonetheless,  SecA  can  discriminate 
among targeting signals to direct only appropriate substrates to the SecYEG channel. Its ATPase 
activity  is  preferentially  stimulated  by  signal  peptides  of  proteins  targeted  via  the  SecB 
pathway relative to those of proteins that follow a Sec‐independent route or the Tat pathway 
(16). Accordingly, SecA  is not  required  for SRP‐mediated  targeting and  the  initial  insertion of 
IMPs (74). However, for the translocation of large hydrophilic loops of IMPs, SecA activity was 
shown to be important (75, 76). In recent years, much of the work on SecA has focused on the 
question whether SecA functions as a monomer or a dimer. Although SecA likely is a dimer in 
the  cytoplasm,  there  is  considerable  debate  about  whether  it  actually  remains  dimeric 
throughout the whole reaction cycle (discussed in 54, 68). 
 
3.2. The SecB pathway 
In general, secretory proteins are targeted to the Sec translocon via the post‐translational SecB 
targeting pathway (reviewed in 77). SecB is a 17 kDa (78) cytosolic chaperone that binds to the 
polypeptide  chain  of  secretory  proteins  and  stabilizes  them  in  a  translocation  competent 
(unfolded  or  loosely  folded)  conformation  (79).  The  association  of  SecB  with  polypeptide 
chains occurs post‐translationally or at a  relatively  late stage during  translation  (80‐82). SecB 
does not  bind  the  signal  peptide of  secretory  proteins  but  binds  to multiple  regions of  their 
mature domain (82‐84). Using peptide‐scanning analysis, a general SecB motif was identified in 
substrate  proteins  that  consists  of  nine  amino  acid  residues  enriched  in  aromatic  and  basic 
residues, while  acidic  residues  are  disfavored  (83).  Structural  analysis  showed  that  SecB  is  a 
homo‐tetramer  (4  x 17 kDa), organized as a dimer of dimers  (67, 85, 86).  These  studies also 
revealed two long (70Å) grooves, one on each side of the tetramer, that are believed to be the 
substrate binding domains of SecB. However, a recent study suggested many additional regions 
of  contact  between  SecB  and  its  substrates  (87).  It  has  been  shown  that  the  portion  of  a 
secretory  protein  that  is  in  contact  with  one  SecB  tetramer  spans  at  least  150  amino  acids 
residues  (88).  Thus,  to  accommodate  such a  length of  polypeptide,  the  substrate must wrap 
around the surface of the relatively small tetramer (87).  
In  addition  to  maintaining  secretory  proteins  in  a  translocation  competent 
conformation, SecB also participates in directing proteins to the Sec translocon through a high 
affinity interaction with SecYEG associated SecA (66). The binding of SecB to SecA is mediated 
via  a  zinc‐dependent,  electrostatic  interaction  between  the  positively  charged  22  C‐terminal 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residues  of  SecA  and  a  negatively  charged  patch  that  is  present  on  both  sides  of  the  SecB 
tetramer  (89‐92). While  the mature  domain  of  the  secretory  protein  is  bound  by  SecB,  the 
signal peptide  is exposed  for entry  into  the  signal peptide binding groove of  SecA. Here,  the 
signal peptide forms an α‐helix and binds via both its hydrophobic and charged regions. In the 
absence  of  SecB  the  groove  is  occluded  by  the  C‐terminal  tail  of  SecA.  The  association with 
SecB relieves this form of ‘autoinhibition’ (73). The transfer of the signal peptide to SecA causes 
an increased SecA‐SecB binding affinity and induces the release of the secretory protein from 
SecB.  Subsequently,  binding  of  ATP  by  SecA  imposes  the  dissociation  of  SecB  from  the 
membrane  (90,  91).  SecA  eventually  drives  translocation  of  the  targeted  secretory  protein 
through the Sec translocon via multiple cycles of ATP binding and hydrolysis (see above) . 
It should be mentioned that SecB is not the only cytosolic chaperone in E. coli that can 
keep polypeptides in a translocation competent conformation. General cytoslic chaperones, in 
particular GroEL and/or DnaK/DnaJ, were shown to fulfill similar functions in the translocation 
of  a  number  of  SecB‐independent  secretory  proteins.  Furthermore,  in  SecB‐deficient  cells, 
DnaK  and  DnaJ  could  (partially)  compensate  for  the  loss  of  SecB‐function  in  the  export  of 
several proteins which normally depend on SecB (93‐96).     
 
3.3. The SRP pathway 
Most IMPs and some secretory proteins are targeted to the IM via the SRP pathway (reviewed 
in 53). SRP is a ribonucleoprotein complex that is present in all organisms but with a different 
composition (53, 97). The E. coli SRP is the simplest of the known SRPs and consists of two core 
subunits. These are the 48‐kDa subunit Ffh (for fifty‐four homologue) and 4.5 S RNA, which are 
homologous  to  the  eukaryotic  SRP54  and  part  of  the  7  S  RNA,  respectively  (98).  E.  coli  SRP 
docks on the ribosome subunit L23 that is located near the exit of the ribosomal export tunnel 
(99), allowing it to scan emerging peptides for the presence of a targeting signal that should be 
bound (100‐102).  
The  E.  coli  SRP  is  predominantly  involved  in  targeting  of  IMPs  (De  Gier  and  Luirink, 
2001).  This  apparent  specificity  is  explained  by  a  preference  of  Ffh  for  the  hydrophobic 
targeting signals (i.e. TMs) present in IMPs as suggested by both in vitro (103, 104) and in vivo 
experiments  (e.g. 36, 105, 106). Despite this apparent specificity  for  IMPs, SRP has also been 
shown to function in the export of a number of proteins containing cleavable signal peptides. 
These proteins include DsbA (107), two lipoproteins (45), SecM (108) and the autotransporter 
protein Hbp (109). Interestingly, the signal peptides of the latter two proteins contain unusual 
extended  N‐domains  that  were  suggested  to  function  in  binding  to  SRP  (109).  This  issue  is 
adressed  in  chapter  3.  Recently,  the  group  of  Beckwith  screened  an  extensive  panel  of 
cleavable signal peptides with a range of hydrophobicities for the ability to promote targeting 
of  a  reporter protein  via  the  SRP pathway. Based on  this  screen,  a  threshold hydrophobicity 
required for SRP recognition was determined, being 0.690 on the Wertz & Scheraga scale (110) 
(for window length = 12)  (111).  
In eukaryotes, SRP induces a translation arrest upon binding to the targeting signal and 
mediates membrane targeting and  insertion  in a co‐translational  fashion (see 53). Some data 
suggest  that  co‐translational  arrest  also  plays  a  role  in  targeting  in  E.  coli  (112).  However, 
significant pausing of polypeptide elongation upon addition of E. coli SRP was not observed in 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vitro (113), consistent with the fact that the E. coli SRP lacks the Alu domain that is responsible 
for  translational  arrest  in  eukaryotes  (7).  The  occurrence  of  a  co‐translational  targeting  and 
insertion mechanism  in E.  coli,  on  the  other  hand,  is  supported  by  several  studies  (e.g.  107, 
114, 115). Consistently,  in vitro translation and crosslinking studies demonstrated interactions 
of  nascent  model  IMPs  with  SRP,  SecY,  SecE  and  YidC  when  the  first  TM  was  only  barely 
exposed from the ribosome (116‐119).  
Upon binding of SRP to the targeting sequence of a nascent polypeptide, the resulting 
ribosome‐nascent  chain  (RNC)‐SRP  complex  is  targeted  to  the  Sec  translocon  through  an 
interaction with the E. coli SRP receptor FtsY (120, 121) in the cytosol (122). FtsY binds to the 
IM  via  anionic  phospholipids  (123‐125)  but  also  interacts  directly  with  the  SecYEG  channel 
(126).  The  interaction  between  FtsY  and  the  SRP  component  Ffh  changes  the  nucleotide–
binding affinity in both proteins and allows them to bind GTP (127, 128). Hydrolysis of GTP by 
SRP  and  FtsY  causes  dissociation  of  the  RNC‐SRP‐FtsY  complex,  after  which  the  RNC  is 
transferred  to  the Sec  translocon  that mediates  further membrane  insertion/translocation of 
the  targeted  protein  (122).  To  induce  release  of  SRP,  FtsY  requires  the  context  of  the  IM, 
ensuring faithful transfer of the targeting sequence to the translocation machinery (122). 
Recently, structural data have provided insight into the functioning of the SRP pathway. 
Most of these data are reviewed in extensive detail by Luirink & Sinning (2004) (53). Briefly, Ffh 
is composed of an NG domain (N for N‐terminus; G for GTPase), which contains a GTP binding 
site,  and  a  C‐terminal  M‐domain  (M  for  methionine  rich)  that  is  involved  in  binding  of  the 
targeting sequence. FtsY contains an almost identical NG domain and a highly acidic N‐terminal 
domain  that  is  involved  in membrane  targeting  (129).  The NG domains of  FtsY and Ffh were 
shown constitute the main site of interaction between these molecules (130, 131). Biochemical 
experiments showed that the targeting sequence binding site of the SRP is localized to the M‐
domain of Ffh (132‐134). In line with these data, available crystal structures of prokaryotic M‐
domains of Thermus aquaticus and E. coli show a deep groove that is lined almost exclusively 
with  the  side‐chains  of  hydrophobic  residues.  The  groove  seems  to  provide  the  proper 
environment to accommodate a variety of α‐helical hydrophobic targeting sequences. The 4.5 
S  RNA  seems  to  contribute  to  the  groove  and may help  to  orient  signal  peptides  by  binding 
positively charged residues that often flank signal peptides and TMs (135, 136). In this respect 
it is interesting to note that a truncated signal peptide with an unusually positively charged N‐
domain could reroute reporter proteins from the SecB pathway into the SRP pathway (137). 
 
3.4. YidC 
E. coli YidC has been identified as a ~60 kDa IMP that is essential for cell viability and plays an 
important role in the biogenesis of IMPs (138, 139), both in conjunction with and independent 
of the Sec translocon. The exact role of YidC in IMP biogenesis is unclear and may be versatile 
(for reviews see 7, 140). 
There  is  strong evidence  for a  function of YidC  in association with  the Sec  translocon.  
First,  in vitro crosslinking studies showed simultaneous contacts of a nascent IMP to YidC and 
SecY/SecA  (e.g.  139).  Second,  YidC  co‐purified with  components  of  the  Sec  translocon  (139, 
141, 142). YidC  is not strictly  required  for  the membrane  integration of Sec‐dependent  IMPs, 
although  it may  enhance  the  efficiency  and  fidelity  of  this  process  (119,  143).  A  number  of 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functions for YidC in the biogenesis of Sec‐dependent IMPs have been proposed. Crosslinking 
experiments demonstrated that YidC specifically interacts with TMs of nascent IMPs (113, 116, 
118,  138,  139,  144)  and  suggested  that  YidC  usually  acts  downstream of  the  Sec  translocon 
(116, 119). Hence, YidC might be  involved  in  lateral  transfer of TMs  from  the Sec  translocon 
into  the  lipid  bilayer.  Two  studies  with  polytopic  Sec‐dependent  IMPs  showed  that  at  least 
three consecutive TMs could be crosslinked to YidC at the same time, suggesting that YidC also 
functions  in  the  assembly  of  multiple  TMs  (144,  145).  Furthermore,  YidC  was  shown  to  be 
important for proper folding of the lactose permease (LacY), as well as for the stability of MalF 
and the formation of the MalFGK2 complex, suggesting a  function for YidC as a chaperone or 
folding catalyst for Sec‐dependent IMPs (145, 146). In line with this hypothesis, YidC depletion 
resulted  in  the  induction  of  an  extracytoplasmic  stress  response  (reviewed  in  147)  that was 
suggested to be triggered by abnormal folding or assembly of  IMPs (148, 149). Finally, a very 
recent  study  showed  that  YidC  copurifies  with  the  IM  chaperone  and  protease  FtsH  and  its 
modulator  proteins  HflK  and  HflC,  suggesting  that  FtsH  and  YidC  have  a  linked  role  in  the 
quality control of IMPs (150). 
YidC also functions independent of the Sec‐translocon as a membrane insertase for Sec‐
independent  IMPs  (see  140).  In  general,  these  proteins  are  rather  hydrophobic  and  fairly 
simple in the sense that they contain only one or two TMs. The small phage‐coat proteins Pf3 
and M13 procoat were  the  first  substrates  identified  that were solely dependent on YidC  for 
their insertion (138, 151, 152). The first endogenous substrate of the ‘YidC only’ pathway was 
identified following the observation that depletion of YidC in vivo leads to severe defects in the 
assembly  of  F1F0‐ATPase  complex  and  cytochrome  o  oxidase,  which  are  essential  for  cell 
viability (153). In particular the levels of F0c (subunit c of the F1F0‐ATPase) and CyoA  (subunit of 
cytochrome  o  oxidase)  appeared  decreased  upon  YidC  depletion.  A  number  of  studies 
demonstrated  that F0c  strictly  requires YidC  for membrane  insertion  (154‐156). Recently,  the 
mechanosensitive  channel  MscL  was  identified  as  a  second  Sec‐independent  endogenous 
substrate of a YidC (157). YidC appeared also sufficient to catalyze insertion of CyoA, although 
the  Sec‐system was  required  for  the  translocation  of  a  large  C‐terminal  periplasmic  domain 
(158‐160). How YidC‐only substrates are targeted to YidC is a matter of debate. Some studies 
point  to  a  role  of  the  SRP  pathway  in  the  targeting  of  YidC‐only  substrates  (76,  154,  157), 
whereas other studies suggest that the SRP has no role in this process (155, 156). 
YidC is structurally homologous to Oxa1 and Alb3, which are involved in the integration 
of  proteins  into  the  IM  of  mitochondria  and  the  thylakoid  membrane  of  chloroplasts, 
respectively (reviewed in 161, 162). Alb3 and Oxa1 can compensate for a loss of YidC in E. coli, 
illustrating  that  YidC,  Oxa1  and  Alb3  are  also  functionally  homologous  (160,  163).  The 
homology can be pinned down to a shared core of 5 TMs (corresponding to TM2‐TM6 of YidC; 
see Fig. 4) that in E. coli is essential for the insertion of Sec‐independent IMPs and, hence, also 
for cell viability (160). 
E. coli YidC contains an additional TM at  the extreme N‐terminus,  followed by a  large 
periplasmic domain P1 corresponding  to amino acid  residues 23‐343  (Fig. 4). The  function of 
domain  P1  is  unclear.  Its  presence  is  restricted  to  Gram‐negative  bacteria  (161,  162), 
suggesting  that  it may  have  a  specific  function  in  the  periplasmic  space.  A  deletion  analysis 
suggested that the domain, in particular residues 215‐265, is important for interaction of YidC 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with the translocon via SecF. Nevertheless, the region appeared not critical for insertion of Sec‐
dependent IMPs (142). In fact, the N‐terminal 90% of the P1 domain could be deleted without 
affecting the insertion of IMPs (both Sec‐dependent and Sec‐independent) and cell viability. In 
contrast,  the  remaining  C‐terminal  10%  (residues  323‐346),  which  is  conserved  between 
members  of  the  YidC/Oxa1/Alb3  family,  was  shown  to  be  important  for  the  YidC  insertase 
function  (142,  163).  Very  recently,  two  crystal  structures  of  the  P1  domain were  presented, 
showing  that  this  C‐terminal  domain  forms  an α‐helical  segment  that  might  be  involved  in 
orienting the P1 domain with respect to the membrane. The overall structure of the P1 domain 
shows  the  conserved  supersandwich  fold  of  carbohydrate‐binding  proteins  (see  Fig.  4). 
Intriguingly, this structure appears to forms an elongated cleft (164, 165) that was suggested to 
have an elongated peptide or acyl‐chain as its natural ligand (165). 
 
 
 
Fig.  4.  E.  coli  YidC.  Schematic  representation  of  YidC  in  the  inner  membrane  of  E.  coli.  To  display  the  large 
periplasmic domain P1 (residues 23‐343) a ribbon diagram representation of the recently solved crystal structure 
(3BLC [PDB]) was used. The exact orientation of P1 with respect to the membrane is unknown. TMs are shown as 
boxes. Adapted from (164). 
 
 
3.5. Role of trigger factor in targeting 
Trigger factor (TF) is a 48 kDa cytosolic chaperone that was first identified based on its ability to 
maintain the precursor of the OM protein OmpA in a non‐aggregated, translocation competent 
conformation (166).  In E. coli, TF operates  in de novo protein folding together with DnaK and 
GroEL  and  their  respective  co‐chaperones  (reviewed  in  167).  Several  studies  have  indicated 
that there is a high degree of interplay and overlap in the functioning of these chaperones, in 
particular  between  TF  and Dnak  (168‐172).  In E.  coli,  TF  is  the  first  chaperone  that  interacts 
with  nascent  polypeptides  (173).  It  interacts  with  ribosomes  (71,  174,  175)  and  forms  a 
protective  shield  or  cradle  for  nascent  proteins  as  these  emerge  from  the  ribosomal  export 
tunnel (176‐178). Crosslinking studies demonstrated that the primary attachment site for TF on 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the ribosome is L23 (179), the subunit that  is situated near the exit of the export tunnel  (99) 
and which also serves as the ribosomal docking site for the SRP (see section 3.3.) (101, 102). 
The  SecB  and  SRP  pathways  diverge  at  an  early  stage when  the  nascent  polypeptide 
emerges  from  the  ribosome.  TF  is  the  first  protein  that  interacts  with  proteins  during 
biosynthesis (100, 103, 173, 180, 181, chapter 2). Based on in vitro translation and crosslinking 
data,  Müller  and  co‐workers  suggested  that  TF  plays  a  decisive  role  in  targeting  pathway 
selection.  They  hypothized  that,  although  signal  peptides  of  secretory  proteins  are  initially 
accessible to SRP, a functional interaction with the SRP is sterically prevented by the binding of 
TF to the early mature region of the protein. It was further proposed that upon elongation of 
the polypeptide the signal peptide is sequestered by TF to avoid adverse interactions with SRP. 
As  upon  further  elongation  of  the  nascent  chain  SecB‐binding  sites  are  exposed,  this  would 
result  in targeting via the SecB targeting pathway (100, 103).  In contrast, other studies argue 
that  it  is  the  SRP  that  confers  targeting  pathway  specificity,  based  on  its  preference  to  bind 
strongly hydrophobic targeting signals (104, 106, 111, 115). Consistently, it was shown that TF 
and SRP could both  interact with  the hydrophobic  targeting signal of a nascent  IMP, but SRP 
had a competitive advantage over TF (102). 
Ribosomes dock on the Sec translocon via the subunit SecY. Structural studies defined 
the L23 region near the ribosomal exit site as the main connection site between the ribosome 
and  the  translocon  (182‐185).  This  implies  that  TF  (and  SRP) must  be  released  from  L23  for 
successful  docking  to  occur.  In  line  with  this  supposition,  overexpression  of  TF  in  vivo 
significantly  reduced  the  number  of  ribosomes  at  the  IM,  whereas  a  significant  increase  of 
ribosomes on the IM was found in in the absence of TF (172). Possibly, TF functions to prevent 
the  interactions  between  the  translocon  and  ribsomes  that  produce  proteins  that  are  not 
destined  for  export  via  the  Sec  system.  In  this  respect  it  is  interesting  to  note  that  upon 
inactivation  of  the  gene  encoding  TF,  translocation  of  secretory  proteins  was  found  to  be 
accelerated and their dependence on SecB was suppressed, suggesting an earlier  initiation of 
protein translocation in the absence of TF (186). Similarly, a LamB‐LacZ fusion that folds rapidly 
in  the cytoplasm under wild‐type conditions was transported efficiently  into the periplasm  in 
cells  lacking  TF,  suggesting    co‐translational  translocation  of  the  fusion  in  this  background 
(115).  However, whether  TF  indeed  prevents  the  entry  of  unwanted  substrates  into  the  Sec 
pathway remains to be determined. 
 
 
4. The Tat pathway 
 
The  twin‐arginine  translocation  (Tat)  pathway  functions  in  exporting  proteins  from  the 
cytoplasm to the periplasmic space parallel to the Sec pathway. In contrast to the Sec pathway, 
the Tat pathway is dedicated to the export of folded proteins. Proteins are targeted to the Tat 
pathway by signal peptides that carry a highly conserved (S/T)‐R‐R‐x‐F‐L‐K consensus sequence 
(see section 2.2.). The actual membrane translocation of Tat‐dependent proteins  is energized 
exclusively  by  the  transmembrane  proton  electrochemical  gradient  (Δp)  and  proceeds 
independently of ATP. A homologous transport system is found in the thylakoid membrane of 
chloroplasts  where  it  is  called  the  ΔpH  pathway.  In  E.  coli,  the  Tat  translocation  system  is 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defined by the components TatA, TatB, TatC and TatE. For a comprehensive review on the Tat 
pathway see Lee et al.(2006)  (6). The aspects  that are  relevant with  regard  to  this  thesis are 
discussed below.  
 
4.1. Transport of folded substrates 
The hallmark feature of the Tat pathway is its ability to translocate proteins across the IM in a 
fully  folded  conformation.  Several  observations  in E.  coli  underline  this  principle.  First, many 
Tat  substrates  bind  a  co‐factor  in  the  cytoplasm  and  must,  therefore,  be  already  in  folded 
conformation prior to export (27). Indeed, in the absence of a functional Tat system, precursor 
proteins  were  found  to  accumulate  in  the  cytosol  that  had  a  co‐factor  already  bound  (187, 
188). In turn, when the incorporation of co‐factors in the cytosol was blocked, Tat‐dependent 
precursors became export incompetent (29, 189). Second, for the heterodimeric hydrogenase‐
2 complex it was shown that the larger subunit HybC associates with its smaller partner HybO 
in the cytosol and is transported across the IM in a process that is mediated by the Tat signal 
peptide of the latter subunit (190). It is hard to envisage how the two proteins would recognise 
one  another  unless  they  were  folded  prior  to  translocation.  Third,  the  Tat  sytem  has  been 
reported  to  export  a  number  of  folded  heterologous  substrates  when  fused  to  a  Tat  signal 
peptide. For example, Green Fluorescent Protein was transferred into the periplasm via the Tat 
system  in  its  fluorescent  conformation, which  can  only  be  reached  in  the  cytosol  (191‐193). 
Furthermore,  alkaline  phosphatase  and  certain  antibody  fragments  containing  a  Tat  signal 
peptide were  transported  via  the  Tat  system when  expressed  in  a  cytoplasmic  environment 
that  allowed  the  formation  of  intramolecular  disulphide  bonds  within  these  proteins  (194). 
Another example is a haem binding c‐type cytochrome that was translocated Tat‐dependently 
only  upon maturation  and  folding  in  the  cytosol  (195).  Importantly,  the  latter  two  examples 
illustrate that the Tat pathway not only can accommodate folded proteins, but also can select 
against misfolded proteins. 
Bioinformatics studies predict  the existence of 36 Tat substrates  in E. coli K‐12 strains 
(196‐198),  17  of  which  have  experimentally  been  confirmed  to  rely  on  the  Tat  pathway  for 
targeting (43). Of note, these numbers include proteins that do not have a Tat signal peptide of 
their own but are exported via a ‘hitchhiker mechanism’ (see below) (explaining the differences 
with  the  numbers  mentioned  in  section  2.2.).  Most  Tat  substrates  are  metal  co‐factor 
containing  redox  proteins  that  are  part  of  respiratory  electron  transport  chains  in  the 
periplasmic  space  and  include  hydrogenases,  formate  hydrogenases  and  nitrate  reductases. 
Particularly  well‐known  examples  are  TMAO  reductase  (TorA)  and  DMSO  reductase  (DmsA), 
which  transfer  electrons  to  terminal  electron  acceptors  (199).  A  number  of  proteins 
transported  via  the  Tat  pathway  do  not  contain  a  signal  peptide  of  their  own.  Instead,  they 
form a multimeric  complex with another protein  that does  contain a  Tat  signal peptide.  The 
prototypical  example  of  proteins  exported  via  this  ‘hitchhiker  mechanism’  is  hydrogenase‐2 
subunit HybO (see above) (190). Not all Tat substrates possess the typical characteristics that 
seem associated with transport via the Tat pathway. For example, the archetype Tat substrate 
SufI (34) and the periplasmic amidases AmiA and AmiC (200) are neither exported as multimers 
nor contain co‐factors. To account for their transport via the Tat pathway, it has been proposed 
that these proteins fold too rapidly  in the cytoplasm to be compatible with the Sec pathway. 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Alternatively,  they  may  have  to  fold  already  in  the  cytoplasm  because  the  periplasmic 
environment is not suited for these proteins to reach their active conformation (6). Despite the 
fact that Tat substrates are produced with cleavable signal peptides, some of them are genuine 
IMPs (201). In E. coli, these proteins remain anchored to the IM via a C‐terminal TM domain (6). 
How integration of this segment into the lipid bilayer is achieved is not known. 
Interestingly, two recent studies in E. coli and chloroplasts suggested that the ability to 
use the Tat system is not restricted to folded proteins per se. In both studies an unstructured 
substrate peptide was found to be export competent upon fusion to a Tat signal peptide (202, 
203).  Furthermore,  when  a  stretch  of  hydrophobic  residues  was  incorporated  in  one  of  the 
substrate peptides export was abolished, suggesting that endogenous Tat substrates are export 
incompetent when unfolded due to the exposure of hydrophobic patches (203). 
   
4.2. The Tat system components 
The components  that define the Tat machinery of E. coli are encoded by a  four‐gene operon 
tatABCD at minute 86.6 on the chromosome, and a single gene tatE found at minute 14 of the 
operon  (189).  Based  on  both  in  vivo  and  in  vitro  studies,  the  minimal  set  of  components 
required  for  Tat‐dependent  translocation  comprises  the  IMPs  TatA,  TatB  and  TatC  (25,  204, 
205). The Tat component TatE seems to be  the product of a cryptic gene duplication of  tatA 
and can to some extent functionally substitute for TatA. However, the functional significance of 
TatE is unclear because it  is only expressed at very low levels and its absence does not affect 
the  export  of  Tat‐dependent  proteins  (38,  188,  206,  207).  The  tat  operon  also  encodes  the 
cytoplasmic protein TatD, which has no role in Tat transport (208). 
TatC is the most highly conserved component of the Tat pathway and is essential for Tat 
transport in E. coli (209). E. coli TatC is a 29 kDa polytopic membrane protein that contains six 
TMs  and  has  both  the  N‐  and  C‐terminus  exposed  to  the  cytoplasm  (Fig.  5)  (210‐212).  The 
cytoplasmic regions of TatC seem to be of particular importance for function as these contain 
several  conserved  residues  that  are essential  for  Tat  transport  (213‐215).  In  vitro  interaction 
experiments on both the E. coli and the chloroplast Tat system have suggested that TatC serves 
as  the  initial  docking  site  for  Tat  signal  peptides  (216‐218).  Recent  data  suggest  that  the 
complete N‐terminal half of TatC is important for this functioning (219). The interaction of TatC 
with  a  Tat  signal  peptide  requires  the  presence  of  the  twin‐arginine  motif  (216,  217). 
Interestingly,  it was  recently  shown  that  export defective  signal  peptides,  in which  the  twin‐
arginine motif had been substituted with lysines, could be rescued by mutations  in TatC. This 
underlines a  role  for TatC  in Tat  signal peptide  recognition  (220).  In  this  context TatC acts  in 
concert with TatB and forms large functional complexes with this component (see below). 
TatA and TatB are sequence‐related proteins with a common organization and topology 
(Fig. 5). Both proteins comprise an N‐terminal  transmembrane helix, which  is  followed by an 
amphipatic  helical  domain  that  may  lie  against  the  cytoplasmic  side  of  the  IM.  Both  these 
domains are essential for Tat‐functioning. The C‐terminal regions of TatA and TatB are located 
in  the  cytoplasm and  are predicted  to be unstructured.  Truncation  analysis  showed  that  the 
regions  are  not  essential  for  Tat‐dependent  transport  (188,  218,  221‐223).  It  should  be 
mentioned  that  in  the  case  of  TatA  the  topology  organization  is  not without  controversy.  A 
recent study using thiol‐specific crosslinking suggested that the extreme N‐terminus of TatA is 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exposed to the cytoplasm rather than the periplasm as previously assumed (224). Furthermore, 
in  line  with  previous  observations  (225),  this  study  suggested  a  dual  topology  for  the  C‐
terminus of TatA and a dual architecture for TatA in the IM: one with a single transmembrane 
helix and the other with two transmembrane helices. 
TatB is larger than TatA (18 vs 10 kDa) due to an extended amphipatic helix and a longer 
C‐terminal  region  (226).  Despite  a  significant  degree  of  homology,  E.  coli  TatB  could  not 
substitute  for  TatA  and  vice  versa,  suggesting  seperate  functions  for  the  proteins  in  Tat‐
dependent transport (207). Consistently, TatB has been shown to be essential for Tat transport 
in E. coli (207, 227). On the other hand, E. coli TatB was reported to be largely dispensable for 
the  export  of  a  heterologous  Tat  substrate  (30)  and many  organisms  that  do  produce  a  Tat 
system lack an obvious TatB component (197, 228‐230). Furthermore, a study using an in vivo 
genetic screen for successful Tat transport yielded a number of TatA mutant proteins carrying 
single  amino  acid  changes  that  can  bypass  the  requirement  for  TatB  (231).  Hence,  the 
functional separation between TatA and TatB is not clear‐cut. 
 
 
 
Fig. 5. E. coli Tat subunits. Schematic representation of the predicted secondary structure and topology of the Tat 
subunits in the inner membrane (IM) of E. coli. Predicted helical regions are shown as boxes. Adapted from (6).    
 
 
TatB has been shown to form large complexes with TatC. TatB and TatC were purified as 
a  large membrane complex of 400‐650 kDa (depending on the experimental conditions used) 
with multiple copies of both subunits in equimolar amounts (221, 232‐234). Cysteine‐scanning 
mutagenesis  and  crosslinking analysis  suggested a  tertiary  structure of  the TatBC  complex  in 
which multiple  TatC  subunits  are  located  at  the  periphery  of  a  central  bundle  composed  of 
TatB multimers (212, 235).  In clear contrast, recent data from a Blue‐native PAGE study were 
interpreted to show that TatC is located on the interior of the TatBC complex and that TatB is 
located at the periphery (234). Therefore, the exact organization of the TatBC complex remains 
unclear.  It  has  been  shown  that  the  TatBC  complex  from  E.  coli  can  bind  a  synthetic  signal 
peptide corresponding to that of the Tat substrate SufI (221). Furthermore, site‐specific photo‐
cross‐linking studies have demonstrated that TatC specifically interacts with Tat signal peptides 
(216, 219). Using the same technique it was shown that TatB contacts the entire length of Tat 
signal peptides and up to 20 residues of the mature region of Tat substrates. These interactions 
were dependent on the presence of TatC, suggesting that TatC forms the primary recognition 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site for Tat substrates within the TatBC complex (216, 219). A similar study in the chloroplast 
Tat system confirmed these findings (236). It has been proposed that TatB mediates transfer of 
Tat substrates from TatC to a translocation complex probably consisting of TatA (216, 219). 
TatA  is  the  most  abundant  Tat  component  and  is  estimated  to  be  present  in 
approximately 20‐fold excess over TatB and TatC (206, 207). TatA has been found to form large 
complexes  in  the  IM with  varying  sizes  of  up  to  ~600  kDa  (221,  223,  233,  237).  Blue‐native 
PAGE analysis suggested that the complexes may be formed by assembly of modules consisting 
of three of four TatA molecules (233, 237).  The spectrum of TatA complexes was suggested to 
provide the flexibility required to generate a translocon capable of transporting substrates of 
varying  sizes  across  the membrane.  Analysis  of  TatA  complexes  of  varying  sizes  by  negative 
staining  random  canonical  tilt  electron  microscopy  revealed  ring  shaped  structures  with  an 
internal channel of variable diameter that have been suggested to represent the translocation 
channels of the Tat system (233). 
 
4.3. Mechanism of Tat translocation 
Based on  the data presented above,  together with biochemical work on  the chloroplast ΔpH 
system by the group of Cline (217, 236, 238‐240), a model was proposed for the so‐called ‘Tat 
transport  cycle’  (Fig.  6).  This  model  proposes  that  under  non‐translocating  conditions  (the 
‘resting  state’)  the  putative  channel  forming  TatA  complex  and  the  signal  peptide  binding 
TatBC complex exist in the IM as separate complexes. The transport cycle is initiated by signal 
peptide binding to the TatBC complex, possibly upon initial association of the signal peptide to 
the  inner  leaflet  of  the  IM  (241).  Signal  peptide  binding  is  stabilized  via  a  mechanism  that 
requires the Δp and induces a conformational change in TatC that exposes a TatA binding site. 
In  turn,  this  induces  the  assembly  of  the  complete  TatABC  translocase,  which  allows 
translocation  of  a  Tat  substrate  across  the  membrane  through  a  channel  formed  by  TatA 
subunits.  The  translocation  step  probably  depends  on  the  Δp  (242,  243),  although  this  is 
controversial.  Finally,  the  signal  peptide  is  processed by  SPaseI  (25)  and  the  translocase  falls 
back  into  its  ‘resting state’, possibly due to the release of  the signal peptide from TatBC (see 
43, 244). 
It should be mentioned that  it  is not clear whether a genuine TatA channel  is actually 
formed  during  the  Tat  transport  cycle.  Cline  and  McCaffery  recently  found  that  in  the 
thylakoidal ΔpH  system a number of  large heterologous Tat  substrates  stalled during  the  IM 
translocation  process.  The  resulting  translocation  intermediates  were  not  found  to  be 
associated with  any of  the Tat  components,  suggesting  that  the Tat  system does not  form a 
stable channel  through which substrates are  transported. Based on these data an alternative 
model for IM translocation was put forward that envisages that translocation of Tat substrates 
occurs through an infolding of the amphipatic helices of a patch of TatA, or directly through a 
destabilized bilayer (202). 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Fig. 6. The Tat transport cycle. A schematic model for the Tat transport cycle. In the resting state, TatA and TatBC 
form separate higher‐order oligomeric complexes (I). The signal peptide of the substrate precursor protein binds 
to  a  site  in  TatC  (II).  The  TatBC–substrate  complex  now  associates  with  TatA  in  a  step  driven  by  the 
transmembrane proton electrochemical gradient (Δp) (III). A protein‐conducting channel is envisaged to open in 
TatA,  allowing  movement  of  the  mature  domain  of  the  substrate  across  the  membrane  (IV).  After  protein 
transport has been completed,  the signal peptide  is cleaved by the SPaseI  (V),  the TatA and TatBC components 
dissociate and the system returns to the initial state (I). Adapted from (43). 
 
 
 
5. The autotransporter pathway 
 
Autotransporters  (ATs)  belong  to  a  group  of  proteins  that  is  secreted  by  Gram‐negative 
bacteria  via  a  simple mechanism  known as  type V  secretion.  In  addition  to  the  ‘classical’  AT 
pathway  (type  Va),  the  type  V  secretion mechansim  also  includes  the  two‐partner‐secretion 
(TPS) pathway (type Vb) and the trimeric AT system (type Vc) (245). Proteins secreted via the 
type  V  secretion  mechanism  represent  the  most  prominent  group  of  secreted  proteins  in 
Gram‐negative bacteria (246, 247) and are typically  large (often exceeding 100 kDa) virulence 
factors with diverse roles in pathogenesis (248). 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Classical ATs are synthesized as precursors comprising three functional domains: an N‐
terminal signal peptide, an internal passenger domain, and a C‐terminal β‐domain (Fig. 7). The 
signal peptide targets  the protein to the Sec translocon and  initiates  translocation across  the 
IM. The passenger domain  is  the actual  secreted moiety and confers  the effector  function of 
the AT. The β‐domain (also named ‘translocation unit’) adopts a β‐barrel conformation when 
embedded  in  the  OM  and  facilitates  translocation  of  the  passenger  domain  across  the  OM. 
After  OM  translocation,  the  passenger  is  usually  cleaved  from  the  β‐domain  and  remains 
attached  to  the  cell  surface  (adhesins)  or  is  released  into  the  extracellular  environment  (for 
review  see  5).  ATs  (autotransporters)  were  given  their  name  after  seminal  studies  on  the 
secretion of the archetype AT protein IgA protease from Neisseria gonnorhoeae that suggested 
this protein to drive its own transport across the bacterial envelope without the requirement 
for energy coupling or accessory  factors  (249). Translocation of  the passenger domain across 
the OM was proposed to occur  in an unfolded conformation through the hydrophilic channel 
formed by the monomeric β‐domain (Fig. 7). This model that is known as the ‘AT dogma’ or the 
‘classical model for autotransport’ is currently under debate (see below). 
 
 
Fig.  7.  The  classical  model  for 
secretion  via  the  autotransporter 
pathway.  In  the  cytoplasm, 
autotransporters  comprise  three 
functional  domains:  the  signal 
peptide (ss), the passenger and the β‐
domain.  The  signal  peptide  directs 
targeting  to and  translocation across 
the  inner  membrane  (IM)  via  the 
protein  conducting  channel  SecYEG. 
Following  translocation,  the  signal 
peptide  is  cleaved and  the passenger 
and  β‐domain  are  released  into  the 
periplasm.  The  passenger  and  β‐
domain  travel  through  the  periplasm 
and  the  β‐domain  inserts  into  the 
outer  membrane  (OM)  where  it 
attains  a  β‐barrel  conformation.  The 
passenger  domain  traverses  the  OM 
linearly  as  a  hairpin  in  an  unfolded 
conformation  through  the  central 
pore  of  the β‐domain  and  is  cleaved 
from the β‐domain at the cell surface. 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In  the  TPS  pathway,  the  passenger  domain  (TpsA)  and  the  β‐domain  (TpsB)  are 
translated as separate proteins (for reviews see 250, 251) as opposed to the AT pathway where 
the passenger and the β‐domain are produced within a single polypeptide. Specific recognition 
between  these  two  domains  is  a  prerequisite  for  secretion  to  occur  and  is  mediated  by  a 
conserved  TPS  domain  at  the  N‐terminus  of  TpsA  that  contains  secretion  signals  that  are 
recognized by the TpsB partner. The TpsB domain has pore‐forming activity and is believed to 
function  as  the  translocator  channel  for  TpsA.  Interestingly,  TpsB  proteins  belong  to  a  large 
superfamily of homologous β‐barrel proteins that also includes YaeT and Omp85 (see 252), the 
general  outer  membrane  protein  (OMP)  insertases  of  E.  coli  and  Neisseria  meningitidis, 
respectively.  These  proteins  have  recently  been  suggested  to  be  involved  in  the  OM 
translocation of passengers of conventional ATs (253, 254). 
Members  of  the  subfamily  of  trimeric  ATs  are  typified  by  the  possession  of  short β‐
domains that must trimerize  in the OM to form a functional  translocator unit with a β‐barrel 
organization.  In  contrast  to  classical ATs,  the passengers of  trimeric ATs are not  cleaved and 
remain covalently attached to the β‐domain after OM translocation (for a review see 255). The 
following sections will focus mainly on the classical AT pathway. 
 
5.1. Structures of passenger and β ‐domain 
The passenger domains of AT proteins are highly variable in length and sequence (5). However, 
these  domains  have  a  lot  in  common  from  a  structural  point  of  view.  Three  years  ago,  the 
crystal structure of the secreted 111 kDa passenger domain of the SPATE (for serine protease 
autotransporters  of enterobacteriaceae)  hemoglobin  protease  (Hbp) was  presented,  the  first 
structure of a complete AT passenger domain (Fig. 8; 256). The most prominent feature of the 
structure  is  a  right  handed  β‐helical  stem  composed  of  24‐turns  of  parallel  β‐sheets. 
Intriguingly, a similar β‐helix was found in the crystal structures of portions of the passenger of 
two  unrelated  ATs,  namely  pertactin  from  Bordetella  pertussis  and  VacA  from  Helicobacter 
pylori  (257,  258).  Sequence  analysis  further  revealed  that  >  97%  of  all  known  AT  passenger 
domains  are  predicted  to  form β‐helices  (259),  underscoring  that  these  domains  are  in  fact 
variations  on  a  single  structural  theme.  Moreover,  the  β‐helical  structure  appears  not 
restricted to classical ATs since similar architectures have been reported for passengers of the 
TPS  pathway  and  the  trimeric  AT  system  (260,  261).  The  consistency  of  passenger  domain 
architecture may well reflect constraints imposed by the type V secretion mechanism. 
An investigation by Oliver et al. (2003) (262) revealed the presence of a conserved ~100 
residues intramolecular autochaperone domain in the AT BrkA corresponding to PD002475 in 
the Pfam database. This domain is found at the C‐terminus of the β‐helical stem of many ATs, 
including Hbp (Fig. 8) and pertactin, and has been proposed to form a scaffold that nucleates 
the folding of the rest of the β‐helix, concurrent with or following translocation across the OM 
(262). In vitro folding studies showed that the passengers of pertactin and the SPATE Pet both 
exhibit  three‐state  unfolding  and  contain  a  stable  core  structure  near  the  C‐terminus  of  the 
molecule (259, 263).  In the case of pertactin, the β‐helical structure folds very slowly  in vitro. 
This  behaviour  was  suggested  to  play  a  role  in  preventing  premature  folding  of  AT  in  the 
periplasm  in  vivo.  Furthermore,  the  rungs  of β‐sheets  forming  the  stable  core  of  the β‐helix 
were  suggested  to  serve  as  a  template  for  the  formation  of  native  protein  during  OM 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translocation. In turn, vectorial formation of the β‐helix was proposed to contribute to driving 
the  OM  translocation  of  AT  passengers  (259).  Alternatively,  maintenance  of  a  β‐helical 
conformation  in  AT  passengers  during  evolution  could  relate  to  the  effector  function  of  ATs 
rather than the mechanism of secretion (see 5). 
 
 
Fig. 8. Crystal structure of the Hbp passenger domain. Ribbon diagram representation of the overall structure of 
the secreted passenger domain of the autotransporter Hbp (1WXR [PDB]). Domain 1 (residues 1–256), Domain 2 
(residues 481–556) and the putative autochaperone (AC) domain (residues 950–1048) are colored gray. In black is 
a right handed β‐helical stem domain that has been predicted to be present in virtually all AT passenger domains. 
The image was created using PyMol. 
 
 
Unlike  the passenger domains of ATs,  the β‐domains of ATs are all  similar  in  size and 
can be grouped as members of a single family based on in silico secondary structure analyses. 
AT β‐domains were predicted  to  consist of  10‐14 amphipatic β‐sheets  thought  form an anti‐
parallel β‐barrel structure in the OM. The β‐sheets would be preceded by a long linker region 
of 20‐30 residues long that has a tendency to attain an α‐helix conformation (245, 250, 264). 
The crystal  structures of β‐domains available  thus  far  support  this model  (Fig. 9). The crystal 
structure  of  the  β‐domain  of  the N.  meningitidis  NalP  protein  revealed  a  12‐stranded  anti‐
parallel β‐barrel with a central hydrophilic pore with a diameter of 10×12.5Å. Strikingly, the N‐
terminal  linker  region  was  embedded  in  the  pore  in  an  α‐helical  conformation  (253).  In 
principle, this structural arrangement is in agreement with the idea that the passenger domain 
is  transported through a channel within the β‐domain as predicted by the AT dogma. On the 
other hand, positioning of the linker within the pore may have taken place after translocation 
of the passenger via an alternative transport system. Importantly, the dimensions of the NalP 
structure  imply  that  translocation of  the passenger  through  the pore  can only proceed  in an 
unfolded  conformation  since  the  pore  is  just  wide  enough  to  accommodate  two  extended 
polypetide chains (253). 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Fig. 9. Crystal structures of the NalP and EspP β‐domains. (A) Ribbon diagram representation of the structure of 
the β‐domain of NalP (1UYN [PDB]). Side view showing a 12‐stranded β‐barrel with an N‐terminal α‐helix inserted 
into  the  barrel  lumen  from  the  periplasmic  side.  Side  chains  of  aromatic  residues  flanking  the  membrane 
embedded region are shown as ball‐and‐stick. Adapted from (253). (B) Ribbon diagram of the structure of the β‐
domain of EspP (2QOM [PDB]). Side view showing a 12‐stranded β‐barrel with a short N‐terminal α‐helix inserted 
into  the  barrel  lumen  from  the  periplasmic  side.  Side  chains  of  aromatic  residues  flanking  the  membrane 
embedded region are shown in black. Taken from (265). 
 
 
Very  recently,  the  crystal  structure of  the post‐cleavage  state of  the β‐domain of  the 
SPATE EspP was presented. The structure shows a 12‐stranded β‐barrel, highly similar to the β‐
domain  of  NalP,  with  the  passenger  domain/β‐domain  cleavage  junction  located  inside  the 
pore, midway  between  the  extracellular  and  periplasmic  surfaces  of  the OM  (265).  Notably, 
this  latter observation  is  in agreement with a previous biochemical  study by  the same group 
that suggested that cleavage of the EspP passenger from the β‐domain is a post‐translocatory 
event  that  occurs  via  an  autocatalytic mechanism  inside  of  the  barrel  pore.  This mechanism 
seems conserved between members of the SPATE family  (266).  In any case, the structures of 
NalP and EspP suggest that the β‐domains of classical ATs have a structural arrangement that is 
highly conserved. 
Crystal structures of β‐domains of the type Vb and Vc secretion systems have recently 
become available. The structure of the translocator of the trimeric AT Hia shows a 12‐stranded 
β‐barrel, composed of three subunits of four β‐strands each, highly similar to the structures of 
NalP and EspP. Analogous to the NalP and EspP barrels that are traversed by one α‐helix, the 
center of the Hia structure was traversed by three α‐helices, one from each subunit (267). The 
structure  of  the  TpsB  transporter  FhaC  from  B.  pertussis  shows  a  16‐stranded  β‐barrel. 
Intriguingly,  this  β‐barrel  is  not  only  occupied  by  an  N‐terminal α‐helix  but  also  by  a  large 
extracellular  loop.  In  addition,  a  periplasmic  module  is  present  composed  of  two  aligned 
polypeptide‐transport‐associated (POTRA) domains (268), which is consistent with the previous 
notion that TpsB proteins belong to the Omp85/YaeT family (see above). Interestingly, both the 
extracellular loop and the POTRA domains appeared critical for secretion of FHA, the cognate 
TpsA partner of FhaC (268). 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Fig.  10.  The  extended  signal  peptides  of  a  subset  of  proteins  secreted  via  the  type V  pathway.  A  schematic 
representation of the unusually long signal peptide that is found with a subset of classical (Hbp, SepA, Pic, EspC, 
EspP,  AIDA‐I)  and  trimeric  (Hia,  Hsf,  UspA1)  autotransporters.  The  positively  charged  N‐domain  (N),  central 
hydrophobic  H‐domain  (H),  and  C‐domains  (C)  characteristic  of  typical  Sec  signal  peptides  are  indicated.  The 
SPaseI cleavage site  is  indicated with an arrow. “M”  indicates  the beginning of  the mature  region of  the AT. A 
sequence  alignment of  the N‐terminal  extensions  of  a  number  of  autotransporters possessing  extended  signal 
peptides is given. Adapted from (109). 
 
 
5.2. The signal peptide and transport into the periplasm 
ATs are synthesized with N‐terminal signal peptides (245) that mediate IM translocation via the 
Sec  translocon  (109,  137,  269).  These  signal  peptides  usually  possess  all  features  associated 
with  targeting  via  the  post‐translational  SecB  pathway  (see  section  2.1.):  20‐30  residues  in 
length, a standard N/H/C‐organisation, and an SPaseI cleavage site (245, 270). Some exceptions 
to  this  rule  exist.  A  few  ATs  have  been  identified  as  lipoproteins  containing  typical  signal 
peptides with a conserved lipobox motif (see section 2.3.) (271‐273). Furthermore, some ATs, 
such as  the members of  the SPATE subfamily, carry unusually  long signal peptides  that often 
exceed 50 amino acid  residues  (245, 270). These  long signal peptides can be  roughly divided 
into two domains:  (i) a C‐terminal segment that resembles a normal Sec signal peptide, albeit 
with  a  relatively  basic  N‐domain  (137,  274),  and  (ii)  a  conserved  ~25  residues  N‐terminal 
extension (Fig. 10). This extension most frequently begins with a charged M1‐N‐K‐I‐V‐Y‐x‐L‐K‐Y‐
(S/C/H)  motif,  followed  closely  by  a  second  motif  containing  conserved  aromatic  and 
hydrophobic residues i.e. G‐L‐I‐A‐V‐S‐E‐L‐A‐R (245, 270). Similar long signal peptides have been 
found for some trimeric ATs (e.g. Hia; 275) and TpsA proteins (e.g. FHA; 276).  Recently, in silico 
analysis  of  completed  bacteria  genomes  identified  at  least  122  members  of  the  type  V 
secretion system that were synthesized with an extended signal peptide (277). Not all of these 
signal peptides contain the conserved motifs and only six residues (M, N, Y, Y and E in boldface, 
see  above)  in  these motifs  are  very  highly  conserved  (percentage  of  similarity  ≥  98%)  (277). 
Interestingly,  the  extended  signal  peptide  region  is  present  only  in  Gram‐negative  bacterial 
proteins originating from the classes β‐ and γ‐proteobacteria. Moreover, possession of a  long 
extended signal peptide appeared unique for members of  the type V secretion system (277), 
suggesting  an  important  role  for  N‐terminal  signal  peptide  extensions  in  the  biogenesis  of 
proteins secreted via this system. 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Initially,  it  was  speculated  that  the  special  features  of  the  long  extended  AT  signal 
peptides  might  serve  to  recruit  targeting  factors  other  than  SecB,  such  as  the  SRP  (270). 
Indeed, using an in vitro translation and crosslinking approach, Sijbrandi and co‐workers (2003) 
showed  that  the  extended  signal  peptide  of  the  SPATE  Hbp  interacts  with  the  SRP  during 
translation  (109).  Consistently,  in  vivo  analysis  revealed  that  Hbp  requires  a  functional  SRP 
targeting pathway  for optimal  targeting.  SecB appeared not essential  for  targeting but  could 
compensate for the absence of a functional SRP pathway to a certain extent.  Furthermore, it 
was shown that Hbp is translocated via the Sec translocon by a mechanism that requires SecA 
and  SecY.  As  discussed  previously  (section  3.3.),  the  SRP  pathway  is  predominantly  used  by 
IMPs  with  rather  hydrophobic  targeting  signals.  Therefore,  it  was  speculated  that  the 
conserved extension of the Hbp signal peptide plays a role in the recognition of the Hbp signal 
peptide by the SRP (109). This issue is addressed in chapter 3 of this thesis. 
Despite  the  observations  with  Hbp,  controversy  exists  about  the  SRP  dependency  of 
ATs.  First,  another  AT  protein with  an  extended  signal  peptide,  IcsA  from  Shigella  flexneri  is 
translocated by the Sec translocon but reportedly does not use the SRP pathway for targeting 
(269).  Second,  the  full‐length  signal  peptide  of  the  SPATE  member  Pet  did  not  force  co‐
translational  targeting  of  a  reporter  protein,  suggesting  that  it  directs  targeting  in  a  post‐
translational  fashion  (277).  Third,  work  by  the  group  of  Harris  Berstein  suggested  that  the 
extended  signal  peptide  of  the  SPATE  EspP  directs  targeting  via  the  post‐translational  SecB 
pathway rather than the SRP pathway. In this latter study it was shown that reporter proteins 
fused  to  the  full‐length EspP signal peptide  relied on  the presence of SecB  for  signal peptide 
processing.  Moreover,  upon  deletion  of  the  N‐terminal  extension,  fusion  proteins  were 
rerouted into the SRP pathway leading to the suggestion that the N‐terminal extension of ATs 
actually  inhibits  engagement  of  the  SRP  pathway  (137,  278).  Finally,  despite  contacts  of  its 
extended  signal  peptide with  the  SRP  early  during  biogenesis  in  vitro,  the  TpsA  protein  FHA 
from B. pertussis was shown to depend on SecA and SecB for secretion  in vivo.  In contrast to 
EspP,  the data  further  suggested  that  the  conserved extension of  FHA does not determine a 
specific  mode  of  targeting.  Rather,  the  extension  was  suggested  to  influence  the  rate  of 
translocation  through  the  translocon  (279). Notably,  the  data  regarding  SecB dependency  of 
FHA  should  be  interpreted with  care.  FhaC,  the  cognate  TpsB partner  of  FHA,  is  synthesized 
with a typical Sec signal peptide (247)  and almost certainly also relies on the SecB pathway for 
targeting. Moreover, the studies with IcsA, Pet, EspP and FHA relied predominantly on chimeric 
and truncated constructs and/or were carried out in a heterologous host organism. In theory, 
these factors could influence the mode of IM targeting. 
As  described  above,  the  conserved  extension  of  the  signal  peptide  of  FHA  seems 
important  at  stages  beyond  the  initial  membrane  targeting  step  (279).  Consistently,  the 
extended  signal  peptide  of  EspP was  found  to  be  important  at  stages  after  the  onset  of  IM 
translocation of EspP rather than for the initial targeting process. Removal of the signal peptide 
extension  or  replacement with  a  standard  Sec  signal  peptide  did  not  affect  translocation  of 
EspP across  the  IM but  caused misfolding of  EspP  in  the periplasm  into  a  conformation  that 
was  not  compatible  with  translocation  across  the  OM.  Overexpression  of  a  fusion  protein 
carrying the full‐length EspP signal peptide was suggested to induce transient jamming of the 
Sec translocon as  IM‐translocation of other secretory proteins was slowed down under these 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conditions.  Jamming  was  not  observed  using  a  standard  Sec  signal  peptide  as  the  fusion 
partner. These data led to a model in which the extended signal peptide transiently anchors the 
passenger domain to the periplasmic side of the IM and thereby prevents it from improductive 
folding in the periplasmic space, perhaps by improved recruitment of periplasmic chaperones 
and folding catalysts (280). 
 
5.3. Periplasmic transit and folding 
ATs probably exist as a periplasmic intermediate after their translocation across the IM. This is 
supported  by  several  observations.  For  example,  using  pulse‐chase  analysis,  a  periplasmic 
intermediate  was  detected  for  IcsA  (281).  Furthermore,  the  secretion  of  a  number  of 
disulphide bond‐forming artificial reporters via the AT system was shown to be influenced by 
the presence of the major periplasmic oxidoreductase DsbA (e.g. 282‐284). Also the full‐length 
EspP passenger, which  contains  two  cysteine  residues, was  shown  to be  accessible  for DsbA 
(283). Moreover, in a very recent study, a pre‐translocation intermediate of EspP was identified 
that  could  be  isolated  from  the  periplasm  in  cell  fractionation  experiments  (285).  Finally, 
evidence for the existence of a periplasmic intermediate was found for Hbp. This evidence will 
be presented in chapter 5 of this thesis. 
  The extent of folding of ATs in the periplasm and how this relates to their translocation 
across  the  OM  have  been  subjects  of  considerable  interest  over  the  years.  To  evaluate  the 
extent of folding compatible with efficient secretion, a number of chimeric proteins have been 
constructed  in which  the  natural  AT  passengers were  partially  or  totally  replaced  by  various 
reporters  whose  structure  and  folding  could  be manipulated  and monitored.  Unfortunately, 
the  secretion  of  these  chimeras,  sometimes  expressed  in  heterologous  host  organisms, 
appeared to be variable, leading to incongruent models for AT folding and secretion (282‐284, 
286‐295). 
  A  handful  of  studies  argue  against  compatibility  of  AT  folding  and  secretion.  For 
example, in E. coli, the cholera toxin B subunit (CtxB), a globular domain of Vibrio cholera that 
is stabilized by a disulphide bond, was  largely  incompatible with translocation across the OM 
when fused to the β‐domains of  IgA protease or AIDA‐I. Translocation of CtxB was drastically 
improved upon expression under  conditions  that prevented disulphide bond  formation  (282, 
290, 293). Similar results were obtained upon fusion of the disulphide bond‐forming reporter 
protein PhoA to the β‐domain of IcsA (295). Furthermore, in Helicobacter pylori, formation of a 
disulphide bond blocked translocation of CtxB when fused to the C‐terminal β‐domain of  the 
AT VacA (286).  In agreement with these results, non‐cysteine containing MBP fused to the β‐
domain  of  AIDA‐I was  poorly  translocated,  in  contrast  to  a  slow  folding  version  of  the  same 
protein  (294).  Likewise,  a  chimeric  MBP‐passenger  domain  was  shown  to  be  completely 
translocation incompetent (283). 
  Opposite results were obtained in other studies or  in different contexts. CtxB fused to 
either  the  full‐length or  the  truncated passenger domain of EspP was efficiently  translocated 
across the OM despite folding and disulphide bond formation in the periplasm (283). Also two 
types of  recombinant  antibodies  (scFv  and VHH)  fused  to  the β‐domain of  IgA protease were 
translocated to cell surface of E. coli. Even strings of two or three VHH‐domains were efficiently 
translocated  despite  having  multiple  bonds  (284,  296,  297).  Similarly,  disulphide  bond‐
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containing  β‐lactamase  and  E.  coli  heat‐labile  enterotoxin  B  subunit  (LTB)  moieties  were 
efficiently  secreted upon  fusion  to  the β‐domain of AIDA‐I  (291,  292),  as well  as  FimH when 
spliced to the Ag43 translocation unit (288). Taken together, data with respect to folding and 
translocation  of  ATs  obtained  by  the  use  of  heterologous  folding  domains  should  be 
interpreted with  care  as  the  outcome  of  experiments may  be  greatly  influenced  by  specific 
expression contexts or the AT system used. 
  Only a few investigations regarding periplasmic folding and secretion of ATs have been 
conducted  with  natural  passenger  domains.  Some  evidence  for  folding  prior  to  OM 
translocation  was  obtained  for  IcsA  as  a  proteinase  K‐resistant  state  of  its  passenger  was 
detected in the periplasm (281). Furthermore, IcsA was shown to form one disulphide bond in 
the periplasm in a DsbA/DsbB‐dependent fashion (281). However, whether IcsA was (partially) 
folded during the actual transfer across the OM was not investigated in detail. More recently, 
disulphide bond formation in the secreted passenger of EspP was demonstrated between two 
cysteines that were only 10 residues apart in the primary structure. Data suggested this bond 
to  be  formed  already  in  the  periplasm,  implying  that  some  sort  of  tertiary  structure  was 
tolerated during OM translocation (283).  In chapter 5 of this thesis, the relationship between 
folding  in  the  periplasm  and  translocation  across  the  OM  of  full‐length  AT  passengers  is 
investigated in detail using full‐length Hbp as a model protein. 
 
5.4. Nature of the OM translocation channel 
The nature and oligomeric organization of the translocator pore in the OM is perhaps the most 
debated issue in the AT field. A handful of models have been put forward over the years that 
describe the the translocation of the passenger domain across the OM (Fig. 11). In the original 
model  (the  AT  dogma),  translocation  of  the  passenger  was  proposed  to  occur  through  the 
hydrophilic  channel  formed by  the monomeric β‐domain  (Fig.  11A)  (289,  290,  298,  299). On 
first  glance,  the  crystal  structures  of  NalP  and  EspP  translocator  domains  (see  section  5.1.) 
support this view. Both structures revealed hydrophilic pores that were partially filled with an 
N‐terminal  α‐helical  segment  (253,  265).  Furthermore,  for  NalP,  pore‐forming  activity  was 
demonstrated by in vitro conductivity measurements and an in vivo antibiotic sensitivity assay 
(253).  However,  the  pores  formed  by  NalP  and  EspP  are  only  ~10Å  in  diameter  (253,  265), 
which  is  just  wide  enough  to  accommodate  a  single  polypeptide  strand  in  an  α‐helical 
conformation or two strands in an extended conformation (253). Obviously, these dimensions 
are  incompatible  with  the  transport  of  folded  reporter  domains  and  disulphide  bonded  AT 
passengers observed in some of the studies described in the previous section (5.3.). 
One explanation for the translocation of folded domains emerged from a study on the 
IgA protease from Neisseria by Veiga and co‐workers. Upon expression in E. coli, the β‐domain 
of  IgA protease was  shown  to purify as an oligomeric  complex with a  ring‐like  structure  that 
was thought to consist of a minimum of six monomers. The complex contained a central cavity 
with  a  diameter  of  ~20Å  that  was  proposed  to  be  the  pore  for  the  export  of  AT  passenger 
domains  (Fig. 11C)  (297). A pore of  this  size would  indeed be  large enough  to accommodate 
the  translocation of  folded antibody  fragments observed by  the same researchers  (284, 296) 
(also see section 5.3.). Unfortunately, no other experimental evidence for this model has been 
presented thus far.  In fact, searches for oligomeric structures of the β‐domains of AIDA‐I and 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EspP  using  a  variety  of  techniques  did  not  reveal  higher  order  structures  other  than  a  small 
percentage of dimers (283, 300). Furthermore, when multimerisation of the IgA β‐domain was 
recently  studied  in  both  a  homologous  Neisseria  background  and  a  heterologous  E.  coli 
background,  oligomeric  structures  were  only  observed  in  the  latter  (P.  van  Ulsen,  personal 
communication). This suggests that the observations by Veiga et al. might be an artefact of the 
expression  of  IgA  protease  in  E.  coli.  The  multimeric  assembly  model  is  also  beset  by  a 
significant  conceptual  problem. Most  likely,  the β‐domain  of  IgA  protease  attains  a β‐barrel 
conformation  in  the  OM  with  a  hydrophobic  outer  surface,  similar  to  other  described  β‐
domains  (253,  265).  It  is,  therefore,  difficult  to  imagine  how an oligomer  formed by  such β‐
barrel proteins could form a central hydrophilic protein‐conducting channel. In conclusion, the 
functional  significance  of  the  multimeric  assembly  model  as  a  strategy  for  the  secretion  of 
folded ATs is doubtful.  
 
 
Fig. 11. Models for outer membrane translocation of autotransporters. Schematic models  for the transport of 
passenger  domains  of  autotransporters  from  the  periplasm,  across  the  outer  membrane  (OM)  into  the 
extracellular environment (Ext). Translocation of the passenger might occur through (A) the narrow pore formed 
by  the monomeric  β‐domain,  (B)  an  independent  host‐encoded machinery,  or  (C)  a  homo‐oligomeric  complex 
composed of multiple β‐domains. 
 
   
To account  for  the secretion of  folded proteins, a model has been proposed  in which 
passenger domains are translocated across the OM by an exogenous translocator, rather than 
the  β‐domain  (Fig.  11B)  (253,  301).  Conceivably,  this  model  involves  Omp85/YaeT  that  is 
considered  a  general  insertase  for  OM  proteins  (254,  302),  including  the  β‐domains  of  ATs 
(254, 303). In addition to its function as a protein insertase, Omp85/YaeT might also function as 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a protein translocase. First, as mentioned above (see section 5.1.), Omp85/YaeT is homologous 
to TpsB proteins, which are believed to function as the translocation channel of their cognate 
TpsA  partners  (304‐307).  Second,  there  is  evidence  that  Toc75,  another  homolog  of 
Omp85/YaeT, transports proteins across the OM of chloroplasts (see 308, 309). Third, liposome 
swelling  assays  suggested  that Omp85/YaeT  can  form pores  large  enough  (25Å diameter)  to 
allow the translocation of folded structures (310). In contrast to acting as a genuine transport 
channel,  Omp85/YaeT  might  support  AT  passenger  translocation  also  in  a  more  indirect 
manner. For example, it is possibile the passenger domain  passes through the β‐domain pore 
as  envisioned  in  the  classical  model,  while  Omp85/YaeT  holds  the  β‐domain  in  an  ‘open’ 
conformation  to allow passage of  tertiary  structures  (see 301). Another model  regarding  the 
involvement of Omp85/YaeT  in AT biogenesis was put forward recently.  In this model,  the C‐
terminus of the AT passenger is embedded in a barrel‐like structure already in the periplasm. 
Subsequently,  the Omp85/YaeT complex promotes  integration of  this  “proto‐barrel”  into  the 
OM and secretion of the passenger in a concerted fashion (301). Experimental support for the 
existence of a proto‐barrel  intermediate was  recently presented  (285). However, much more 
work is required to determine the exact role of Omp85/YaeT in AT biogenesis.  
 
5.5. Hbp 
A great deal of  the work presented  in  this  thesis has been carried out using the AT Hbp as a 
model  protein  (chapter  3,  4,  5).  Hbp  was  discovered  as  a  protease  secreted  by  a  human 
pathogenic E. coli strain and was shown to degrade hemoglobin and to bind heme. It is highly 
expressed by E. coli during peritonitis in humans and has been suggested to play an important 
role  in a bacterial synergy between E. coli and Bacteroidis fragilis  (311, 312).   Hbp belongs to 
the SPATE  subfamily of ATs.  SPATEs are  characterised by an unusually  long  signal peptide of 
~50 amino acid carrying a conserved N‐terminal extension, a  large passenger domain of >100 
kDa  containing  a  consensus  serine  protease  active  site,  and  a  conserved  β‐domain  of 
~300 residues  (313).  Specifically,  Hbp  is  synthesized  with  a  signal  peptide  of  52  residues 
containing a 24 residue extension (including Meth1), a passenger domain of 1,048 residues, and 
a β‐domain of 277 residues (109, 312). 
Recently,  the  crystal  structure  of  the  complete  secreted  Hbp  passenger  domain  was 
presented  (Fig.  8;  256).  The  overall  structure  showed  a  long  right‐handed  β‐helical  stem 
domain, slightly kinked in the centre, where a small globular domain protrudes from the stem 
(domain 2) corresponding  to  residues 481‐556 of  the passenger. The  function of domain 2  is 
not known, but it is clear that domain 2 is not important for secretion of Hbp (see chapter 5). 
Residues  1‐256  of  the  passenger  form  a  large  globular  domain  (domain  1)  that  contains  the 
conserved  serine  protease  active  site.  This  domain  is  attached  to  the  N‐terminus  of  the  β‐
helical stem via a ten residue α‐helix and makes extensive contact with the β‐stem. Residues 
950‐1048  at  the  C‐terminus  of  the β‐helix  form  the  so‐called  autochaperone  domain  that  is 
conserved  among  ATs.  This  domain  has  been  suggested  to  be  important  for  initiation  of 
passenger domain folding (see section 5.1.; 262). 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6. Outline of this thesis 
 
The research described in this thesis was aimed at providing more insight into signal peptide‐
mediated protein transport via the Tat and AT pathways of E. coli. 
In chapter 2 the molecular contacts of Tat signal peptides during synthesis and prior to 
targeting  to  the  Tat  system  were  investigated.  It  is  shown  that  Tat  signal  peptides  are  in 
contact  with  the  cytosolic  chaperone  TF  until  late  in  translation.  However,  TF  appeared 
dispensable for the biogenesis and export of Tat substrates. Together, the data suggest that TF 
interacts by default with Tat signal peptides during translation due to its location near the exit 
of the main ribosomal export tunnel where nascent Tat substrates leave the ribosome. 
Previous  research showed that  the AT Hbp can make  facultative use of both  the SRP‐ 
and  SecB  pathway  for  IM  targeting  (109).  In  chapter  3  the  role  of  the  conserved N‐terminal 
extension  of  the  Hbp  signal  peptide  in  targeting  is  investigated.  The  data  show  that  the 
conserved extension of the Hbp signal peptide does not play a critical role  in the selection of 
targeting pathways.  Furthermore,  the  results  confirm  the previous observation  that Hbp  can 
make use of the SRP pathway for targeting, which was contested by other researchers. 
In chapter 4 the molecular contacts of Hbp during the early stages of  IM insertion are 
analyzed.  The  signal peptide of nascent Hbp  is  found  to  contact  YidC and evidence  is  shown 
that  YidC  is  required  for  proper Hbp biogenesis  and  secretion.  The data  suggest  that  YidC  is 
involved  in  late  steps  of  Hbp  biogenesis  and  is  needed  to  prevent misfolding  of  Hbp  in  the 
periplasmic space. 
In  chapter  5  the  relationship  between  folding  of  Hbp  in  the  periplasmic  space  and 
secretion  competence  is  analyzed  making  use  of  folding  mutants  that  were  based  on  the 
crystal structure of the Hbp passenger domain. The data provide evidence that Hbp can fold in 
the periplasm but must  retain a certain degree of  flexibility and/or modest width  to prevent 
congestion of the translocation apparatus and degradation by the periplasmic protease DegP. 
Finally, in chapter 6 the data presented in chapters 2‐5 are summarized and discussed. 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Abstract 
 
Tat‐mediated protein transport across the bacterial cytoplasmic membrane occurs only after 
synthesis  and  folding  of  the  substrate  protein  that  contains  a  signal  peptide  with  a 
characteristic  twin‐arginine  motif.  This  implies  that  premature  contact  between  the  Tat 
signal  peptide  and  the  Tat  translocon  in  the membrane must be prevented. We used  site‐
specific photo‐crosslinking to demonstrate that the signal peptide of nascent Tat proteins is 
in  close  proximity  to  the  chaperone  and  peptidyl‐prolyl  isomerase  trigger  factor  (TF).  The 
contact with TF was  strictly dependent on  the context of  the  translating  ribosome,  started 
early  in biogenesis when  the nascent  chain  left  the  ribosome near  L23,  and persisted until 
the chain reached its full  length. Despite this exclusive and prolonged contact, depletion or 
overexpression of TF had little effect on the kinetics and efficiency of the Tat export process.  
 
 
Introduction 
 
In  Escherichia  coli,  most  proteins  that  reside  in  the  periplasmic  space  are  synthesized  as 
preproteins  with  a  cleavable  N‐terminal  signal  peptide  that mediates  targeting  to  the  inner 
membrane. Signal peptides classically have a tri‐partite structure with a positively charged N‐
region,  a hydrophobic  core,  and a polar C‐region  that  contains  the  signal peptidase  cleavage 
site  (314).  The  majority  of  periplasmic  proteins  is  targeted  to  the  main  protein‐conducting 
channel, the SecYEG complex, via the post‐translational SecB/SecA pathway (315). 
Recently, the cytosolic chaperone and folding catalyst trigger factor (TF) was shown to 
have a significant impact on the efficiency of Sec‐mediated transport. Inactivation of the gene 
encoding TF increased the rate of transport and suppressed the requirement for the chaperone 
and targeting factor SecB, whereas overproduction of TF impeded transport (186). TF is in part 
associated with the ribosomal protein L23 that is located near the major nascent chain exit site 
(179).  In  vitro crosslinking  studies  showed  that  TF  can be  crosslinked  to  a  variety of  nascent 
polypeptides when they emerge from the ribosome near L23 (100, 102‐104, 316). Interestingly, 
L23 also serves as a docking site for the bacterial signal recognition particle (SRP) that delivers 
preproteins at  the SecYEG complex  in a co‐translational  targeting mechanism (102). Whether 
or not TF controls the entry of proteins into the SRP pathway is not fully clear (53). 
The  twin‐arginine  translocation  (Tat)  pathway  has  been  identified  as  a  second  post‐
translational  targeting/translocation  pathway  that  operates  independent  from  the  Sec 
pathway  (317).  In  contrast  to  the  Sec  pathway,  the  Tat  pathway  has  the  striking  ability  to 
mediate  the  export  of  substrates  that  have  acquired  a  fully  folded  or  even  oligomeric 
conformation  in  the  cytoplasm.  Tat  substrates  possess  a  signal  peptide  of  the  'classical'  tri‐
partite  structure but  including  a highly  conserved  (S/T)‐R‐R‐x‐F‐L‐K  consensus motif  between 
the  N‐region  and  the  hydrophobic  core  (26).  This  motif  provides  specificity  for  the  Tat 
machinery consisting of the integral membrane proteins TatA/E, TatB and TatC (317). 
Little  is  known  about  the  molecular  mechanism  of  targeting  and  export  of  Tat‐
dependent proteins.  In particular,  information on  the generic and specific  interactions of  the 
Tat signal peptide and mature domain with targeting factors, chaperones and folding catalysts 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is  scarce.  The  cytosolic  DmsD  protein was  shown  to  have  affinity  for  immobilized  Tat  signal 
peptides  of  both  dimethylsulfoxide  reductase  (DmsA)  and  trimethylamine N‐oxide  reductase 
(TorA)  (318)  and  for  the TatB/TatC  components  (319),  suggesting  a  role  for DmsD  in  guiding 
substrates  to  the Tat machinery. However,  recent  in vivo  studies suggested that DmsD  is not 
required for targeting but rather has a chaperone‐like function  in the assembly of certain Tat 
proteins (320). 
Here, we have used an unbiased in vitro translation and photo‐crosslinking approach to 
probe  the  molecular  interactions  of  model  Tat  substrates  during  synthesis  and  prior  to 
targeting to the Tat machinery. We found that the signal peptide of Tat‐dependent proteins is 
extensively  and  exclusively  crosslinked  to  ribosomal  components  and  TF  during  synthesis. 
Interestingly, TF was  found crosslinked until  late  in  translation but only  in  the context of  the 
translating  ribosome. However,  in vivo experiments  revealed only a small effect of TF on  the 
kinetics and efficiency of Tat‐mediated export. 
 
 
Results 
 
The TorA signal peptide is close to trigger factor early in biogenesis 
Tat preproteins fold in the cytosol prior to export by the Tat machinery in the inner membrane 
that  specifically  recognizes  the  Tat  signal  peptide  (194,  317).  It  has been  suggested  that  this 
signal  peptide  is  sheltered  during  synthesis  and  folding  by  generic  or  specific  factors  in  the 
cytosol  to  prevent  premature  interactions  with  the  Tat  translocon  (27,  189).  The molecular 
interactions of the signal peptides of model Tat substrates early  in biosynthesis were studied 
using  an  in  vitro  translation  and  crosslinking  approach.  Nascent  chains  of  TorA/P2,  a  strictly 
Tat‐dependent  chimera  comprising  the  signal  peptide  of  TorA  fused  to  the  periplasmic  P2 
domain  of  leader  peptidase  (36),  were  generated  from  truncated mRNA  to  a  length  of  100 
amino acid residues in a cell‐ and membrane free E. coli lysate without addition of any purified 
proteins. The nascent chains were radiolabeled with [35S]methionine. To specifically probe the 
molecular  environment  of  the  TorA  signal  peptide,  TAG‐stopcodons  were  incorporated  in 
100TorA/P2 either at position 13, two residues downstream of the conserved arginine pair, or 
within the hydrophobic core at position 24 (Fig. 1A). The TAG‐codons were suppressed during 
in  vitro  synthesis  by  the  addition  of  L‐[3‐(trifluoromethyl)‐3‐diazirin‐3H‐yl]phenylalanine‐
tRNAsup [(Tmd)Phe‐tRNAsup] which carries a photo‐reactive probe. After translation, one half of 
each  sample was  irradiated with UV‐light  to  induce  crosslinking, whereas  the other half was 
kept in the dark to serve as a negative control. 
The  TAG‐codons  at  both  positions  were  efficiently  suppressed  by  (Tmd)Phe‐tRNAsup 
(data not  shown),  resulting  in  nascent  TorA/P2 of  the  expected molecular mass  carrying  the 
photo‐reactive probe at the indicated position. UV‐irradiation of 100TorA/P2TAG13 resulted in 
two crosslinked products of ~70‐80 kDa (Fig. 1B,  lane 2). Both adducts represented crosslinks 
to the cytosolic chaperone trigger  factor  (TF) as shown by  immunoprecipitation (Fig. 1B,  lane 
3). TF was also crosslinked to position 24 within the hydrophobic core (Fig. 1C, lane 8) but with 
a different ratio of the 70 and 80 kDa adducts (Fig. 1C, cf. lanes 2 and 8). The observation that 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crosslinking  of  nascent  chains  to  TF  results  in  a  double  banded  pattern  has  been  made 
previously (100, 104) but is not yet understood. 
To investigate whether crosslinking of TF to 100TorA/P2 is dependent on the context of 
the ribosome, nascent 100TorA/P2TAG13 was released from the ribosome with puromycin or 
puromycin  in  a  'high  salt'  buffer  after  translation  but  prior  to  crosslinking.  Both  treatments 
diminished  crosslinking  to  TF  (Fig.  1B,  lane  5  and  6),  indicating  that  association  with  the 
ribosome is crucial for the interaction with TF. 
 
 
Fig.  1.  Photo‐crosslinking  to  the  signal  peptide  of  nascent  TorA/P2.  (A)  Schematic  representation  of  nascent 
100TorA/P2. The TorA signal peptide  is  indicated as a  solid  line. Positions of  the conserved  twin‐arginine motif 
(RR) and the stopcodons (TAG) that are suppressed with (Tmd)Phe‐tRNAsup are indicated. (B) In vitro translation of 
100TorA/P2TAG13. After translation, samples were irradiated with UV‐light to induce crosslinking or kept in the 
dark as indicated. UV‐irradiated ribosome‐nascent chain complexes were immunoprecipitated with TF antiserum 
as indicated. Prior to crosslinking, one sample was split into equal aliquots and incubated with 2 mM puromycin 
(Puro), 2 mM puromycin and 0.5 M potassium acetate (HS), or mock‐treated with incubation buffer at 37°C for 10 
min. (C) In vitro translation of 100TorA/P2TAG13 and 100TorA/P2TAG24 as under B, carried out in the presence 
or absence of IMVs. Samples with IMVs were extracted with sodium carbonate and the resulting carbonate pellet 
(p) and ‐supernatant (s) fractions were analyzed. Crosslinked products, nascent chains (NC), peptidyl‐tRNA (*) and 
molecular weight markers (at the left side of the panels in kDa) are indicated. 
 
 
Molecular  interactions  of  100TorA/P2TAG13  and  100TorA/P2TAG24  were  also 
investigated  in  the  presence  of  inverted  inner membrane  vesicles  (IMVs)  that were  isolated 
from  an  E.  coli MC4100 wild‐type  strain.  After  translation  and  UV‐irradiation,  samples were 
extracted with  sodium  carbonate  to  separate  the membrane  integrated  from  the  peripheral 
membrane and soluble proteins. Using 100TorA/P2TAG13, no obvious changes  in crosslinking 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pattern appeared compared to the situation when membranes were not present (Fig. 1C, lanes 
1‐6).  TF  continued  to  be  the  major  crosslinking  partner  and  no  crosslinking  products  were 
detected in the integral membrane fraction (Fig. 1C, lanes 4 and 6). Interestingly, upon addition 
of IMVs, position 24 of the TorA signal peptide was found to specifically crosslink, in addition to 
TF, two low molecular weight proteins of ~7 kDa and ~17 kDa (Fig. 1C, lane 10). These adducts 
were  detected  in  the  supernatant  fraction  after  carbonate  extraction,  indicating  that  the 
crosslinked partners are peripheral membrane proteins and not one of the known Tat proteins 
(218). The adducts could not be immunoprecipitated with various antisera tested and remain 
to be identified.  
Taken  together,  the  twin‐arginine motif  and  the hydrophobic  core  region of  the TorA 
signal  peptide  are  adjacent  to  TF  early  during  biogenesis.  Additional  contacts  with  two  yet 
unknown peripheral membrane proteins appeared restricted to the hydrophobic core region. 
Other cytosolic factors with affinity for signal peptides were not detectably crosslinked. 
 
The SufI signal peptide is in close proximity to TF, L23 and L29 early in biogenesis 
To investigate whether the observed contact of TF with the TorA signal peptide is generic for 
Tat  substrates,  SufI was  included  in our  crosslinking  studies.  SufI  belongs  to  the multicopper 
oxidase superfamily but does not contain copper cofactors (34). It has been used extensively as 
a model  Tat  substrate  (25,  34,  204,  216).  SufI  nascent  chains  were  generated  (as  described 
above  for  100TorA/P2),  carrying  a  photo‐reactive  probe  at  position  8,  two  amino  acids 
downstream  from  the  conserved  arginine  pair  (Fig.  2A).  Nascent  chains  of  57  and  93  amino 
acids were  synthesized.  93SufITAG8  is  comparable  to  100TorA/P2TAG13 with  respect  to  the 
position of the photo‐reactive probe relative to the peptidyl‐transferase center (cf. Fig. 2A and 
1A). 57SufITAG8 was analyzed to monitor the earliest interactions in nascent SufI (Fig. 2A). 
Upon  irradiation of 57SufITAG8 and 93SufITAG8 with UV‐light,  adducts of ~65‐75 kDa 
were  detected  (Fig.  2B,  lanes  2  and  7)  that  represented  crosslinking  to  TF,  as  shown  by 
immunoprecipitation  (Fig.  2B,  lanes  5  and  10).  Using  57SufITAG8,  two  adducts  of  lower 
molecular mass were identified as the ribosomal subunits L23 (Fig. 2B, lane 3) and L29 (Fig. 2B, 
lane 4). L23 and L29 are located near the major ribosomal exit site (99). 93SufITAG8 was also 
found  to  crosslink  to  L23  and  L29  (Fig.  2B,  lanes  8  and  9),  but  to  a  much  lower  extent.  In 
contrast, the 93‐mer crosslinked much more strongly to TF than the 57‐mer (Fig. 2B, cf. lanes 2 
and 7). 
Together,  the  data  suggest  that  nascent  SufI  leaves  the  ribosome  via  the  major 
ribosomal exit site and that, upon extension of the nascent chain, the SufI signal peptide moves 
away from L23 and L29 and interacts with TF. Furthermore, the combined data obtained with 
nascent  TorA/P2  and  SufI  constructs  strongly  suggest  that  interaction  of  TF  with  the  signal 
peptide early in biosynthesis is generic for Tat substrates. 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Fig.  2.  Photo‐crosslinking  to  the  signal  peptide  of  nascent  SufI.  (A)  Schematic  representation  of  nascent  SufI 
constructs. The SufI signal peptide is indicated as a solid line. Positions of the conserved twin‐arginine motif (RR) 
and  the  stopcodons  (TAG)  that  are  suppressed with  (Tmd)Phe‐tRNAsup  are  indicated.  (B)  In  vitro  translation  of 
57SufITAG8 and 93SufITAG8. After  translation, one half of  each  sample was  irradiated with UV‐light  to  induce 
crosslinking  and  one  half  was  kept  in  the  dark.  UV‐irradiated  ribosome‐nascent  chain  complexes  were 
immunoprecipitated  with  antiserum  against  TF,  L23  or  L29  as  indicated. Molecular  weight markers  (kDa)  are 
indicated at the left side of the panels. 
 
The SufI signal peptide is close to TF until late in translation 
In  the crosslinking experiments described above we showed  that TF  interacts with  the  signal 
peptide of relatively short nascent Tat substrates in which the signal peptide is barely exposed. 
To investigate the influence of nascent chain length on the ability of TF to crosslink to the Tat 
signal peptide we made use of  a  full‐length  version of  SufI  that  carries  an  immunogenic HA‐
epitope  at  its  C‐terminus  (SufIHA),  and  a  photo‐reactive  probe  at  position  8  in  the  signal 
peptide  (SufIHATAG8).  Translation  of  this  construct  resulted  in  a  ladder  of  distinct  truncates 
(Fig. 3, lane 2) that could be released from the ribosome upon incubation with EDTA (data not 
shown).  Only  a  small  yield  of  full‐length  product  was  obtained,  as  shown  by 
immunoprecipitation  using  an  antiserum  directed  against  the  C‐terminal  HA‐epitope  (Fig.  3, 
lane 1). UV‐crosslinking of this random array of translation intermediates resulted in numerous 
distinct adducts (Fig. 3, lane 4). TF‐antiserum immunoprecipitated many of these adducts up to 
a mass of ~120 kDa (Fig. 3, lane 5), corresponding to a complex of TF and an approximately full‐
length  version of  SufIHATAG8.  This  suggests  that  the  signal  peptide  of  SufI  interacts with  TF 
until  completion  of  translation.  As  observed  before  (Fig.  2B,  lanes  2  and  7),  efficient 
crosslinking to TF started from a nascent‐chain length between 57 and 93 amino acid residues 
(Fig. 3, cf. lane 5 vs 6 and 7). 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Fig.  3.  Photo‐crosslinking  of  TF  to  the  signal 
peptide of nascent  SufI  chains of  various  lengths. 
In  vitro  translation  of  full‐length  SufIHATAG8  from 
non‐truncated mRNA  in  the presence of  (Tmd)Phe‐
tRNAsup.  Translation  products,  were  immuno‐
precipitated with antiserum against the HA‐epitope 
as  indicated.  After  translation,  half  of  the  sample 
was  irradiated with UV‐light  to  induce  crosslinking 
and half was kept in the dark. Crosslinked material 
was  immunoprecipitated  with  TF  antiserum  as 
indicated.  A  ~170  kDa  complex  that  could  be 
precipitated  with  anti‐HA,  but  not  with  anti‐TF 
serum is indicated with (*). Samples were analyzed 
by  SDS‐PAGE.  For  comparison,  crosslinks  of  TF  to 
57SufI  and  93SufI,  immunoprecipitated  with 
antiserum  against  TF  (corresponding  with  Fig.  2B, 
lanes 5 and 10), were run on the same gel (lanes 6 
and  7).  Molecular  weight  markers  (kDa)  are 
indicated at the left side of the panels.  
 
 
 
 
 
 
 
A  crosslinked  complex  at  ~170  kDa  [Fig.  3,  lane  4,  indicated  with  (*)]  was  not 
precipitated  with  the  TF  antiserum.  Strikingly,  this  band  appeared  more  intense  upon 
incubation  of  the  translation  mixture  with  EDTA  and  was  immunoprecipitated  with  an 
antiserum against  the HA‐epitope (data not shown),  indicative of crosslinking to the released 
full‐length  form of SufIHA. Notably, an  identical ~170 kDa crosslinked complex was observed 
upon  completion  of  synthesis  and  release  of  SufIHATAG8  from  the  ribosome  in  a 
transcription/translation  system optimized  for  the  production  of  full‐length  SufIHA  (data  not 
shown).  The  crosslinked  partner(s)  in  this  complex  have  not  been  identified  yet.  In  the 
presence of membrane vesicles derived from a strain that overproduces all components of the 
Tat translocase, released full‐length SufIHA was crosslinked to TatB (data not shown) consistent 
with  earlier  data  obtained  by  Alami  and  coworkers  (216)  and  confirming  that  our  in  vitro 
system sustains faithful targeting of Tat substrates.  
 
TF is dispensable for the export of SufI in vivo  
The  in vitro crosslinking experiments described above suggested that TF sequesters the signal 
peptide of a Tat substrate while it is being synthesized on the ribosome. To investigate whether 
this interaction is functionally relevant for the export of Tat proteins, we monitored the effect 
of the intracellular TF level on the efficiency and kinetics of SufI export in vivo. 
Steady state analysis of endogenous SufI  in whole cell samples of a Δtig mutant strain 
did not show accumulation of the precursor of SufI (pre‐SufI) (Fig. 4A, lane 4), suggesting SufI 
export  is  not  significantly  affected.  TF  has  been  shown  to  overlap with  the DnaK  chaperone 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machinery with respect to folding and substrate specificity (321, 322). Interestingly, DnaK has 
also  been  shown  to  interact  with  an  immobilized  Tat  signal  peptide  (318).  In  light  of  this 
evidence,  we  monitored  the  effect  of  deletion  of  DnaK  and  its  co‐chaperone  DnaJ  on  SufI 
export.  Notably,  a  small  but  reproducible  accumulation  of  pre‐SufI  was  observed  in  a 
ΔdnaKdnaJ  double  mutant  (Fig.  4A,  lane  5).  This  effect  was  enhanced  in  a Δtig ΔdnaKdnaJ 
triple mutant (Fig. 4A, lane 3). The latter strain was recently constructed and is viable only in a 
narrow  temperature  range  (170).  The  precursor  of  the  SecB‐dependent  outer  membrane 
protein OmpA was not detected in any of the mutants tested. This is consistent with published 
data  that  suggest  acceleration  rather  than  deceleration  of  the  export  of  SecB‐dependent 
secretory proteins in the absence of TF (186).  
 
 
Fig. 4.  In vivo analysis of SufI export  in 
Δtig,  ΔdnaKdnaJ  and  Δtig  ΔdnaKdnaJ 
mutants.  Steady  state  (A)  and  pulse‐
chase (B) analysis of SufI export in strains 
MC4100,  MC4100Δtig,  MC4100 
ΔdnaKdnaJ, MC4100Δtig ΔdnaKdnaJ and 
MC4100ΔtatC  at  30°C.  (A)  Cells  were 
grown  in  medium  containing  glucose 
(0.2%)  to an OD660 of ~0.6 and analyzed 
by  SDS‐PAGE  and  immunoblotting  using 
anti‐SufI  (top)  and  anti‐OmpA  serum 
(bottom).  (B)  Cells,  harboring  pBAD18‐
SufIHA,  were  grown  in  medium 
containing glucose (0.4%) to an OD660 of 
0.35,  radiolabeled  with  [35S]methionine 
for  1  min  and  chased  for  the  times 
indicated.  Expression  of  SufIHA  was 
induced  by  addition  of  L‐arabinose 
(0.2%)  5  min  prior  to  labeling.  Samples 
were  immunoprecipitated  using 
antiserum against SufI. 
 
 
 
We next investigated the kinetics of SufI export by pulse‐chase analysis in the different 
genetic backgrounds (Fig. 4B). In this assay we had to rely on SufI, provided with a C‐terminal 
HA‐tag, expressed  from an expression vector  to obtain detectable SufI  signals.  In a wild‐type 
strain, tagged pre‐SufI was processed to its mature form with the slow kinetics characteristic of 
Tat proteins (Fig. 4B, lanes 1‐5) (34, 36, 189). Furthermore, pre‐SufIHA was not processed in a 
tatC minus background during the chase period (Fig. 4B, lanes 21‐25), confirming that the HA‐
tag  does  not  change  targeting  pathway  specificity.  The  kinetics  of  processing  appeared  not 
significantly affected in a Δtig, ΔdnaKdnaJ or Δtig ΔdnaKdnaJ mutant as compared to the wild‐
type MC4100 strain (Fig. 4B, lanes 6‐10, 11‐15 and 16‐20). 
Together, the results demonstrate a small, additive and specific effect of dnaKdnaJ and 
tig deletion on SufI export. The effect is only observed in steady state and may be the resultant 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of a small subpopulation of pre‐SufI that accumulates in an export incompetent conformation 
due to impaired folding or premature targeting. 
To  investigate  the  effect  of  increased  intracellular  TF  levels  on  the  efficiency  of  Tat‐
mediated export, steady state signals and export kinetics of endogeneous SufI were monitored 
upon  overproduction  of  TF  from  an  inducible  expression  vector  (pJH42)  (Fig.  5B).  When  TF 
expression was induced for 90 min prior to labeling, no significant effect on the kinetics of SufI 
export was apparent (Fig. 5B, cf. lanes 5‐8 and 1‐4). Massive overexpression of TF under these 
conditions was confirmed by trichloroacetic acid precipitation of the labeled cells (Fig. 5B, lanes 
5‐8).  As  a  control,  export  of  SufI  in  a  Tat‐deficient  MC4100ΔtatA/E  strain  was  completely 
blocked  in  the  presence  of  pJH42  (Fig.  5B,  lane  10).  Similarly,  steady  state  analysis  did  not 
reveal  any  effect  on  pre‐SufI  processing  up  to  4h  of  TF  overexpression  (Fig.  5A).  Here, 
overexpression of TF was evident from the Coomassie staining of whole cell samples used for 
the  immunoblot  analysis  (Fig.  5A,  lanes  2  and  4).  In marked  contrast,  overproduction  of  TF 
decelerated  the  export  of  OmpA  in  accordance  with  published  data  (186)  resulting  in  a 
substantial  accumulation  of  pre‐OmpA  after  4h  of  TF  overproduction  (Fig  5A,  lane  4). 
Apparently,  TF  overproduction has  a  differential  effect  on  the  export  of  proteins  that  follow 
disparate targeting/translocation pathways. 
In  conclusion,  the data  suggest  that  TF,  although  interacting with Tat  signal peptides, 
does not play a critical role in the export of Tat‐dependent proteins. 
 
Fig.  5.  In  vivo  analysis  of  SufI  upon 
overexpression  of  TF.  Steady  state  (A)  and 
pulse‐chase  (B)  analysis  of  SufI  export  in 
strains  HDB37  and  MC4100ΔtatA/E,  both 
harboring TF‐overexpressing plasmid pJH42, 
at 37°C. (A) Cells were grown to an OD660 of 
~0.4  and  induced  for  TF  overexpression  by 
the  addition  of  L‐arabinose  (0.2%)  as 
indicated. Samples were taken 0.5 h and 4 h 
after  induction  as  indicated.  Cells  were 
analyzed  by  SDS‐PAGE  and  immunoblotting 
using  antiserum  against  SufI  (top)  and 
OmpA  (center),  or  Coomassie  Blue  staining 
(bottom).  (B)  Cells  were  grown  to  an  OD660 
of  ~0.3,  radiolabeled  with  [35S]methionine 
for 1 min and chased for the times indicated. 
Where  indicated,  overexpression  of  TF  was 
induced by the addition of 0.2% L‐arabinose 
90 min  prior  to  labeling.  Before  analysis  by 
SDS‐PAGE,  samples  were  immuno‐
precipitated  using  antiserum  against  SufI 
(top)  and  OmpA  (center),  or  precipitated 
with trichloroacetic acid (bottom). 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Discussion 
 
Molecular  interactions  of  the  signal  peptide  of  two model  Tat  proteins,  TorA  and  SufI, were 
investigated  during  in  vitro  biosynthesis  in  an  effort  to  identify  targeting  factors  or  escort 
proteins that play a role  in  the Tat  targeting process. Surprisingly,  the chaperone and folding 
catalyst  TF  was  the  only  cytosolic  factor  that  was  extensively  crosslinked  to  the  Tat  signal 
peptides.  The  association  with  TF  persisted  during  synthesis  of  the  entire  protein  at  the 
ribosome.  Deletion  or  overexpression  of  TF  did  not  significantly  influence  the  efficiency  or 
kinetics of Tat‐mediated translocation. 
TF  has  been  suggested  to  play  a  regulatory  role  in  controlling  the  entry  of  secretory 
proteins  in  distinct  targeting/translocation  pathways  (100,  103).  Photo‐crosslinking 
experiments revealed contacts of the signal peptide of nascent OmpA (a SecB‐dependent outer 
membrane protein) with Ffh (fifty‐four homologue, the protein component of the E. coli SRP), 
SecA,  SecB  and  TF  added  to  a  semi‐reconstituted  in  vitro  translation  system  (100).  Ffh‐  and 
SecA‐crosslinking occurred when the signal peptide had just emerged from the ribosome (up to 
89 amino acid nascent chain length) whereas TF was crosslinked to the signal peptide of slightly 
longer nascent chains. SecB was only crosslinked to the signal peptide upon release of nascent 
OmpA from the ribosome. In comparison, the molecular  landscape of Tat signal peptides  in a 
similar  experimental  set‐up  is  less  complex  (this  study).  TF  is  the  only  photo‐crosslinked 
cytosolic protein that is detected, probed from two postitions in the TorA signal peptide, close 
to  the  twin‐arginine  motif  (position  13)  and  in  the  (moderately  hydrophobic)  core  region 
(position  24)  (Fig.  1B  and  1C).  Similar  results  were  obtained  using  a  lysine‐specific  chemical 
crosslinker (data not shown). Using SufI, photo‐crosslinking to TF was demonstrated from the 
shortest  nascent  SufI  with  exposed  Tat  signal  peptide  (57  amino  acid  nascent  chain  length; 
probe at position 8) (Fig. 2B) up to full‐length, but ribosome associated SufI (Fig. 3).  
What  is  the  role  of  TF  in  Tat‐mediated  export?  Does  it  prevent  the  co‐translational 
engagement  of  Tat‐dependent  proteins  in  other  targeting/translocation  pathways? We  have 
no  evidence  for  this  conjecture.  First,  in  the  absence  of  TF, we  could  not  identify  any  other 
partners  (e.g.  Ffh,  SecA)  for  nascent  Tat  proteins  using  the  in  vitro  crosslinking  approach 
described above (data not shown). Possibly, the relatively mild hydrophobicity of the Tat signal 
peptide  prohibits  interaction  with  Ffh  (104‐106).  Furthermore,  the  “Sec‐avoidance” motif  in 
the  C‐terminal  region  of  the  Tat  signal  peptide  (37)  might  prevent  rerouting  via  the  Sec 
pathway  even when  TF  is  absent.  Second,  deletion  of  tig  does  not  affect  the  export  of  SufI 
which proceeds  in vivo with  the slow kinetics  that are characteristic  for  the Tat  translocation 
process  (Fig.  4).  In  contrast,  the  export  of  SecB  substrates  is  markedly  accelerated  in  the 
absence of TF probably by the disclosure of a more direct co‐translational targeting pathway to 
the  Sec  translocon  (186).  Perhaps,  the  proofreading  activity  of  the  Sec  translocase  (323) 
prevents  the  use  of  this  alternative  targeting  pathway  by  Tat  proteins.  On  the  other  hand, 
overproduction of TF  inhibits SecB‐mediated transport  (186) whereas Tat‐mediated transport 
proceeds unaffected (Fig. 5). The latter observation is not unexpected since TF only associates 
with Tat substrates during synthesis prior to their folding in an export competent conformation 
(194). 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Does TF prevent a premature interaction of Tat substrates with the Tat translocase? It 
seems  conceivable  that  interaction  of  nascent  Tat  proteins  with  the  Tat  translocase 
compromises  the  folding process  that  is  a  prerequisite  for  export. On  the other  hand, when 
IMVs were added during synthesis of nascent Tat proteins, crosslinking to the Tat translocase 
was  not  observed  irrespective  of  the  presence  of  TF  (data  not  shown).  Also,  the  lack  of 
significant  effect  in  a Δtig mutant  strain  (Fig.  4)  argues  against  such  a  seemingly  important 
function for TF in Tat export.  
In light of this negative evidence we are inclined to believe that TF interacts by default 
with nascent Tat proteins due  to  its  location near  the nascent  chain exit  site  (see below). At 
present  it  is unclear whether TF keeps the signal peptide close to the exit site (100) forcing a 
looped conformation of  the nascent chain or whether TF moves  from the  ribosome with  the 
Tat  signal  peptide  for  which  it  may  have  a  relatively  high  affinity.  As  proposed  for  other 
substrates, TF may prevent aggregation of nascent Tat substrates in polysomes, a function that 
can  be  taken  over  by  the  DnaK/DnaJ‐chaperone  machinery.  DnaK/DnaJ  and  TF  possess  an 
overlapping substrate specificity but DnaK/DnaJ does not dock at ribosomes and plays a more 
prominent role in post‐translational folding (321, 322). Strikingly, in the absence of DnaK/DnaJ 
a small subpopulation of pre‐SufI accumulated, an effect that was augmented in the absence of 
TF (Fig. 4A). The relatively small effect, even in the Δtig ΔdnaKdnaJ triple mutant, may relate to 
the capacity of Tat substrates to fold rapidly. Also, other chaperones such as SecB may protect 
nascent Tat polypeptides from unwelcome interactions (82). Photo‐crosslinking of the mature 
domain of Tat proteins will be required to settle this point. 
When emerging from the ribosome, the SufI signal peptide also crosslinked to L23 and 
L29  that  are  located  near  the  exit  site  of  the  main  ribosomal  tunnel  and  constitute  the  TF 
attachment site (99, 179) (Fig. 2). Similarly, SecB‐dependent secretory proteins such as OmpA 
(100),  SRP‐dependent  inner  membrane  proteins,  such  as  FtsQ  (102)  and  cytosolic  proteins, 
such as RpoB (82) were shown to crosslink L23/L29 early during biogenesis. This suggests that, 
irrespective  of  their  final  location,  E.  coli  proteins  follow  the  same  pathway  through  the 
ribosome and leave the ribosome at a universal exit site near L23/L29.  
The  presence  of  IMVs  during  synthesis  of  nascent  TorA/P2  gave  rise  to  two  extra 
crosslinking  adducts  (Fig.  1C).  The  corresponding  crosslinked  partners  (~7  and  ~17  kDa)  
appeared specific for the hydrophobic core of the TorA signal peptide (position 24) and were 
sensitive to carbonate extraction, indicating they represent peripheral membrane proteins and 
are  not  related  to  any  of  the  known  Tat  translocase  subunits.  This  raises  the  intriguing 
possibility  that  (a  subpopulation  of)  TorA  associates  with  a  distinct  membrane  bound 
machinery early during translation. It has been suggested before that translocation through the 
Tat  translocase  is  preceded  by  a  Tat‐independent  targeting  and  insertion  process  that  was 
speculated  to  function  in  the quality  control of  Tat  substrates  (324).  Translation,  folding and 
membrane insertion may be coordinated at this location. In this context, it is of interest to note 
that  the  efficiency  of  translocation  of  Tat  substrates  is  dramatically  improved  when  the 
membrane  vesicles  are  present  during  translation  instead  of  being  added  after  translation 
(204)  an  observation  that  has  been  difficult  to  reconcile  with  a  strictly  post‐translational 
targeting and translocation mechanism. Work is in progress to elucidate the identity of the ~7 
and ~17 kDa crosslinked partners. 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Experimental procedures 
 
Strains, plasmids and media 
E. coli K‐12 strains and plasmids used in this study are listed in Table 1. Strains were routinely 
grown  in M9‐medium  (325)  containing  0.1%  casaminoacids  (Difco,  Detroit, MI,  USA). Where 
appropriate,  streptomycin  (50  µg/ml),  chloroamphinicol  (15  µg/ml),  kanamycin  (30  µg/ml), 
spectinomycin (50 µg/ml) and ampicillin (100 µg/ml) were added to the medium. 
 
 
Table 1. Bacterial strains and plasmids used in this study 
Strain/plasmid  Relevant genotype  Reference 
MC4100  F'araD139 Δ(argF‐lac)U169 rpsL150 relAI flb5301 ptsF25 rbsR  (326) 
MC4100Δtig  MC4100Δtig::Cmr  (170) 
MC4100ΔdnaKdnaJ  MC4100ΔdnaKdnaJ::Kanr thr::Tn10  (170) 
MC4100ΔtigΔdnaKdnaJ  MC4100Δtig::Cmr ΔdnaKdnaJ::Kanr thr::Tn10  (170) 
MC4100ΔtatA/E  MC4100ΔtatAΔtatE  (207) 
MC4100ΔtatB  MC4100ΔtatB  (207) 
MC4100ΔtatC  MC4100ΔtatC::ΩSpecr  (34) 
HDB37  MC4100araΔ  (186) 
pC4Meth‐
100TorA/P2TAG13 
pC4Meth, 94torA/P2TAG13  This study 
pC4Meth‐
100TorA/P2TAG24 
pC4Meth, 94torA/P2TAG24  This study 
pC4Meth‐57SufITAG8  pC4Meth, 51sufITAG8  This study 
pC4Meth‐93SufITAG8  pC4Meth, 87sufITAG8  This study 
pC4Meth‐SufIHATAG8  pC4Meth, sufIHATAG8  This study 
pBAD18‐SufIHA  pBAD18, sufIHA  This study 
pJH42  pBAD18, tig  (186) 
 
 
Reagents and sera 
Restriction  enzymes  and  the  Expand‐Long  template  PCR  system  were  supplied  by  Roche 
Molecular Biochemicals GmbH. T4‐DNA ligase was from Epicenter Technologies (Madison, WI, 
USA). Megashort T7 transcription kit was from Ambion (Austin, TX, USA). [35S]Methionine and 
protein A–Sepharose were obtained from Amersham Biosciences (Uppsala, Sweden). All other 
chemicals were supplied by Sigma‐Aldrich (Steinheim, Germany). Antisera against L23 and L29, 
TF,  SufI,  and  OmpA  were  provided  by  R.  Brimacombe  (Max  Planck  Institute  for  Molecular 
Genetics, Berlin, Germany), W. Wickner (Dartmouth Medical School, Hannover, NH), T. Palmer 
(University  of  East  Anglia,  Norwich,  UK),  and  J.W.  de  Gier  (Stockholm  University,  Sweden), 
respectively. The rabbit polyclonal antiserum against the human influenza hemagglutinin (HA)‐
epitope was from Sigma. 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Plasmid construction 
Plasmid pC4Meth‐100TorA/P2 was constructed by PCR, using pTorA/P2 (36) as a template and 
the  primers  RRTorA‐SacI‐fw  (5’‐GCGCGGAGCTCAAGAAGGAAGAAAAATAAT  GAAC‐3’,  SacI  site 
underlined) and TorA/Lep2‐BamHI‐rv (5’‐GCATGGATCCCGCGCGCTTGA TGTAATC‐3’, BamHI site 
underlined). The resulting PCR‐fragment was cloned into pC4Meth (104) using the SacI/BamHI 
sites.  Amber  (TAG)  codons  were  then  incorporated  at  position  13  or  24  via  nested  PCR  as 
described  (139),  resulting  in  pC4Meth‐100TorA/P2TAG13  and  pC4Meth‐100TorA/P2TAG24. 
Plasmids  pC4Meth‐57SufI,  pC4Meth93‐SufI  and  pC4Meth‐SufIHA  (encoding  SufI  with  a  C‐
terminal HA‐epitope, preceded by a Pro‐Gly‐Gly spacer) were constructed by PCR using pNR30 
(gift from T. Palmer) as a template. The forward primer was SufI‐EcoRI‐fw (5’‐GCCGGAATTCTA 
ATATGTCACTCAGTCGGCGTC‐3’,  EcoRI  site  underlined).  The  reverse  primers  were  51SufI‐
BamHI‐rv  (5’‐ACGCGGATCCAGTCATAAACA  GCGGTTGC‐3’,  BamHI  site  underlined),  87SufI‐
BamHI‐rv  (5’‐ACGCGGATCCAACATCGTCGCCCT  TCCA‐3’,  BamHI  site  underlined)  and  SufIHA‐
XbaI+ClaI‐rv  (5’‐ACTGATCGATCTAGATTACGCATAGTCAGGAACATCGTATGGGTAGCCGCCTGGCG 
GTACCGGATTGACCAAC‐3’,  ClaI  site  underlined,  XbaI  site  in  italics,  HA‐epitope  sequence  in 
boldface).  The  resulting  fragments  were  cloned  into  pC4Meth  using  the  EcoRI/BamHI  or 
EcoRI/ClaI restriction sites where appropriate. The amber codon at position 8 was incorporated 
via  nested  PCR,  resulting  in  pC4Meth‐57SufITAG8,  pC4Meth‐93SufITAG8  and  pC4Meth‐
SufIHATAG8. The  in vivo expression plasmid pBAD18‐SufIHA was constructed as follows. First, 
the  EcoRI/XbaI  fragment  from  pNR30,  including  the  SufI  coding  region  and  the  first  18  bp 
upstream  of  the  ATG‐start  codon,  was  cloned  into  pBAD18  (327).  The  resulting  plasmid 
pBAD18‐SufI was then used as a template  in PCR using the primers SufI‐EcoRI‐fw (see above) 
and  SufIHA‐XbaI+ClaI‐rv  (see  above).  Finally,  the  AatII/XbaI  fragment  of  the  obtained  PCR 
product  was  inserted  into  pBAD18‐SufI.  Nucleotide  sequences  were  confirmed  by  semi‐
automated DNA sequencing. 
 
In vitro transcription, translation and crosslinking 
Truncated mRNA was prepared as described previously  (74)  from HindIII  linearized pC4Meth‐
100TorA/P2, pC4Meth‐57SufI or pC4Meth‐93SufI derivative plasmids.  Full‐length SufIHATAG8 
mRNA  was  prepared  from  ClaI  linearized  pC4Meth‐SufIHATAG8.  In  vitro  translation,  photo‐
crosslinking  and  sodium  carbonate  extraction  were  carried  out  as  described  (119,  139). 
Samples  were  analyzed  directly  by  SDS‐PAGE  or  immunoprecipitated  first  using  3‐fold  the 
amount used for direct analysis.  
 
Pulse‐chase analysis 
Strain  MC4100  and  its  Δtig,  ΔdnaKdnaJ,  Δtig  ΔdnaKdnaJ  and  ΔtatC mutant  derivatives,  all 
harboring  pBAD18‐SufIHA,  were  grown  overnight  in  M9‐medium  containing  0.4%  glucose, 
diluted to an OD660 of 0.05 in fresh medium and grown to an OD660 of 0.35. Strains HDB37 and 
MC4100ΔtatA/E,  both  harboring  pJH42, were  grown overnight  in M9‐medium,  diluted  to  an 
OD660 of 0.05 in fresh M9‐medium and grown to an OD660 of 0.3. 
Upon  reaching  the  appropriate  OD660,  cells  were  washed  and  resuspended  in  M9‐
medium containing a cysteine‐ and methionine‐free amino acid mix. After recovery for 15 min 
(pBAD18‐SufIHA  harboring  strains)  or  90  min  (pJH42  harboring  strains)  at  the  appropriate 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temperatures,  cells were pulse‐labeled with 10 µCi/ml  [35S]methionine  for 1 min and  chased 
with 2 mM cold methionine for the times indicated. To stop the chase, cells were precipitated 
with  10%  trichloroacetic  acid  at  4°C.  Samples  were  analyzed  either  directly  or  upon 
immunoprecipitation by SDS‐PAGE. 
 
Sample analysis 
Radiolabeled  proteins  were  visualized  by  phosphor  imaging  using  a  Molecular  Dynamics 
PhosphorImager  473  and  quantified  using  the  Imagequant  software  from  Molecular 
Dynamics/Amersham Biosciences. 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Abstract 
 
Autotransporters (ATs) of Gram‐negative bacteria are often produced with an unusual signal 
peptide  that carries a conserved N‐terminal extension. Using combined  in vitro  and  in vivo 
approaches we show that the extension of the AT hemoglobin protease (Hbp) does not affect 
targeting  of  Hbp  via  the  SRP  pathway,  suggesting  that  the  extension  is  not  involved  in 
targeting pathway selection. 
 
 
Introduction 
 
Many virulence factors of Gram‐negative bacteria are secreted into the extracellular milieu via 
the  autotransporter  (AT)  secretion  pathway.  Upon  synthesis,  ATs  comprise  three  functional 
domains: (i) the N‐terminal signal peptide that mediates targeting to and initiation of transfer 
through the Sec‐translocon, the major protein conducting channel in the inner membrane, (ii) 
the secreted passenger domain that carries the actual effector function of the AT and (iii) the 
β‐domain at  the C‐terminus  that mediates  translocation of  the passenger domain across  the 
outer  membrane  (5).  Many  steps  of  the  AT  secretion  mechanism  are  still  under  debate, 
including the targeting of ATs to in the inner membrane. 
A subset of autotransporters, including all members of the subfamily of serine protease 
autotransporters  of  enterobacteriaceae  (SPATEs),  is  synthesized  with  an  unusually  long 
cleavable  signal  peptide.  The  C‐terminal  half  of  these  peptides  resembles  a  classical  signal 
peptide  and  is  not  particularly  conserved.  In  contrast,  the N‐terminal  half  (approximately  25 
amino  acids)  is  remarkably  conserved  (245,  270).  The  precise  function  of  this  extension  has 
remained controversial. 
Most  secretory  proteins  synthesized  with  cleavable  signal  peptides  reach  the  Sec 
translocon  via  the  post‐translational  SecB  targeting  pathway  (77).  Remarkably,  the  signal 
recognition particle (SRP) that mediates co‐translational targeting of primarily inner membrane 
proteins  (IMPs)  (7), was shown to play a  role  in  targeting of  the SPATE hemoglobin protease 
(Hbp) of human pathogenic Escherichia coli (109). SecB appeared dispensable for targeting of 
Hbp but could largely compensate for a  lack of SRP, suggesting a facultative use of either the 
SRP or SecB pathway (109). 
SRP  preferentially  interacts  with  relatively  hydrophobic  targeting  sequences  such  as 
those present  in  IMPs (104, 106). However, the signal peptides of Hbp and other ATs are not 
particularly  hydrophobic  (245).  It  was  speculated  that  the  conserved  extension  of  AT  signal 
peptides supports binding of the SRP (109, 270). Suggested alternative roles for the extension 
include  regulation  of  the  kinetics  of  inner membrane  translocation  of  ATs  and  promotion  of 
post‐translational targeting of ATs to the Sec‐translocon via a novel mechanism (278‐280, 328). 
Here, we investigated the role of the conserved AT signal peptide extension in the targeting of 
Hbp using combined in vitro (crosslinking) and in vivo (pulse‐chase) approaches. 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Fig.  1.  Hbp  derivatives  used  in  this  study.  Primary  sequence  of  the  N‐terminus  of  Hbp,  Hbp[ΔExt]  and 
Hbp[ssPhoE]  including  the  signal  peptide  and  the  first  eight  residues  of  the  Hbp  passenger  (pass).  The  SPaseI 
cleavage site is indicated with an arrow. 
 
 
 
Fig. 2. The conserved signal peptide extension is not required for biogenesis of Hbp. Processing and secretion of 
Hbp  and  Hbp[ΔExt]  in  E.  coli  TOP10F’  was  analyzed  in  a  pulse‐chase  experiment,  essentially  as  described 
previously (329). Cells were grown in M9 medium containing a methionine and cysteine‐free amino acid mixture 
and 0.4% glucose. Cells were induced with IPTG for 6 min, labeled with [35S]methionine for 1 min and chased for 
the times indicated. Hbp was immunoprecipitated from cell fractions or TCA‐precipitated from medium fractions. 
Samples  were  analyzed  by  SDS‐PAGE  and  phosphorimaging.  Prepro‐,  pro‐,  and  passenger‐forms  of  Hbp  and 
Hbp[ΔExt] are indicated. 
 
 
Results and Discussion 
 
The extension is not required for inner membrane targeting and secretion of Hbp 
To  investigate the role of the conserved extension of the Hbp signal peptide, we constructed 
an Hbp‐mutant, Hbp[ΔExt],  that  lacks the first 23 amino acid residues  following the  initiation 
Met1 of  the Hbp signal peptide corresponding  to  the conserved extension  (Fig. 1). Hbp[ΔExt] 
and wild‐type Hbp were cloned under lac promoter control. To analyze the effect of deletion of 
the  extension  on  targeting  and  export,  the  processing  kinetics  of  Hbp  and  Hbp[ΔExt]  were 
analyzed in E. coli strain TOP10F’ in a pulse‐chase experiment. Furthermore, spent medium of 
the cultures was analyzed to monitor the influence on secretion (Fig. 2). As shown previously 
(109), the processing kinetics of wild‐type Hbp are characterized by relatively fast processing of 
the signal peptide (conversion of ‘preproHbp’ to ‘proHbp’), somewhat slower processing of the 
C‐terminal  β‐domain  (conversion  of  ‘proHbp’  to  ‘pass’)  and  much  slower  release  of  the 
passenger  from  the  cells  into  the medium  (Fig.  2,  lanes  1‐5).  The  kinetics  of  processing  and 
release of Hbp[ΔExt] appeared essentially  identical  to  those of wild‐type Hbp  (Fig 2,  lanes 6‐
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10). This  indicates that the conserved extension is not required for targeting and secretion of 
Hbp. Consistently,  it was  recently  shown  that  removal of  the  signal peptide extension of  the 
SPATE  EspP  does  not  affect  translocation  of  this  protein  across  the  inner  membrane  (280). 
However, translocation of EspP across the outer membrane was impaired in the absence of the 
extension. Notably,  this effect was  reported  to be  influenced by both growth conditions and 
the level of EspP synthesis (280), which might account for the discrepancy with our results. 
        
The extension is not critical for recognition by SRP 
To analyze whether the extension influences the mode of targeting to the inner membrane, we 
analyzed  the  interaction of  the Hbp  signal peptide with SRP using an  in  vitro  translation and 
crosslinking assay. Of note, crosslinking of the SRP component Ffh (for fifty four homologue) to 
short  nascent  polypeptides  is  a  reliable  indication  for  functional  interactions  with  the  SRP 
(105).  Radiolabeled  nascent  chains  of  Hbp  and  Hbp[ΔExt]  were  generated  from  truncated 
mRNA in a cell‐ and membrane free E. coli  lysate. Nascent chain  lengths of 116 (Hbp) and 93 
(Hbp[ΔExt])  residues were  chosen  to  provide  optimal  exposure  of  the  signal  peptides  at  the 
ribosome, and to warrant identical positioning of the respective signal peptides relative to the 
peptidyl‐transferase  centre  (Fig.  3A).  Interactions  of  the  nascent  chains were  fixed  using  the 
homo‐bifunctional  lysine‐specific  crosslinking  reagent  disuccinimidyl  suberate  (DSS). 
Importantly,  the conserved extension contains no  lysine  residues and hence  the number and 
position of  potential  crosslinking  sites  relative  to  the  ribosomal  exit  site  is  identical  for  both 
nascent chains (Fig. 1; Fig. 3A). Consistent with previous results (109) 116Hbp is crosslinked to 
Ffh and the general cytosolic chaperone trigger factor (TF), giving rise to a ~60 kDa adduct and 
two higher molecular weight adducts,  respectively  (Fig. 3B,  lane 2). TF crosslinked to nascent 
chains often migrates as a double band  (109, 329). The  identity of Ffh and TF as crosslinking 
partners  of  116Hbp  was  confirmed  by  immunoprecipitation  (Fig.  S1,  lanes  3‐4).  Similarly, 
93Hbp[ΔExt] was  crosslinked  to  Ffh  and  TF  (Fig.  3B,  lane  4;  Fig  S1,  lanes  8‐9)  albeit with  an 
altered Ffh:TF ratio in favour of TF (Fig. 3B, cf. lane 2 and 4). In addition, a prominent ~20 kDa 
adduct  appeared  in  the  93Hbp[ΔExt]  sample  that  most  likely  represents  crosslinking  to  the 
ribosomal  subunit  L23  that  is  adjacent  to  the nascent  chain exit  site  (180, 329).  Importantly, 
crosslinking  of  nascent  Hbp  to  Ffh was  still  clearly  detected  upon  removal  of  the  extension, 
which  is significant given the low abundance of SRP in the translation lysate (330). From this, 
we conclude that the extension is not critical for the interaction of Hbp with SRP. Deletion of 
the extension may impose a different orientation of potential crosslinking sites in nascent Hbp 
with respect to the nascent chain exit region, which could explain quantitative changes in Ffh‐ 
and TF‐crosslinking. However, up  to  this point  the data do not exclude a stimulatory  role  for 
the extension in binding of SRP. 
To  specifically  probe  the  molecular  environment  of  the  conserved  extension  in  the 
context  of  nascent  Hbp,  we  employed  an  in  vitro  site‐specific  photo‐crosslinking  assay.  A 
photo‐reactive probe was incorporated in the conserved extension of Hbp during translation at 
position 16 (HbpT16). Because nascent 116HbpT16 appeared unstable in this system we used a 
shorter derivative, 80HbpT16 (Fig. 3C). Upon translation and irradiation with UV‐light to induce 
crosslinking,  a  prominent  ~55  kDa  adduct  was  detected  (Fig.  3D,  lane  1)  representing 
crosslinking to Ffh as confirmed by immunoprecipitation (Fig. S2) and the increase in intensity 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of  the adduct upon addition of extra reconstituted E. coli SRP to the translation mixture (Fig. 
3D, lane 2). Of note, Ffh was also crosslinked to position 41 in the hydrophobic core of the Hbp 
signal peptide (see Fig. 3C) albeit with reduced efficiency (data not shown). In conclusion, the 
conserved extension is in close proximity to SRP early in Hbp biogenesis. 
 
 
 
Fig.  3.  Crosslinking  of  nascent  Hbp  synthesized  in  vitro.  (A‐B)  Chemical  crosslinking  of  nascent  Hbp.  (A) 
Schematic representation of nascent Hbp and Hbp[ΔExt] constructs. The classical region of the Hbp signal peptide 
is indicated as a thick solid line with a gray central area representing the hydrophobic core. The conserved signal 
peptide extension  is  indicated by a hatched box. The positions of  lysine residues (K)  in the chains are  indicated. 
Nascent chains are depicted with 35 amino acids  in  the  ribosome.  (B) Upon  In vitro  translation of 116Hbp and 
93Hbp[ΔExt], one half of each sample was treated with 1 mM of DSS whereas the other half was left untreated. 
Samples were TCA‐precipitated and analyzed by SDS‐PAGE and phosphorimaging. (C‐D) Photo‐crosslinking of the 
Hbp signal peptide extension to Ffh. (C) Schematic representation of nascent chains. 80Hbp represents the first 80 
residues of Hbp. 80Hbp[ΔNHC] lacks the ‘classical’ NHC‐region of the Hbp signal peptide and in 73PhoE[+Ext] the 
conserved Hbp extension is fused to the first 49 amino acids of prePhoE. The PhoE signal peptide is depicted as a 
thick open line. Positions of photo‐reactive probes (T) are indicated. (D) In vitro translation and photo‐crosslinking 
of  nascent  chains.  To  compensate  for  the  loss of  endogenous  SRP during preparation of  the E.  coli  lysate,  low 
levels  of  reconstituted  SRP  (20  nM  or  75  nM)  were  included  in  the  translation  mixture  as  indicated.  Upon 
translation, samples were irradiated with UV‐light to induce crosslinking, TCA‐precipitated and analyzed by SDS‐
PAGE and phosphorimaging.  The  image was  compiled  from  separate  lanes derived  from  the  same original  gel 
image. (B, D) Crosslinking to Ffh (>) and TF (o), putative crosslinking to L23 (#) and L29 (}) (180, 329), and aspecific 
bands not related to crosslinking (*) are indicated. Molecular mass (kDa) markers are indicated at the right hand 
side of the panels. 
 
Chapter 3 
58 
 
One  interpretation  of  the  efficient  crosslinking  of  the  extension  to  Ffh  is  that  the 
extension  recruits  SRP  or  promotes  its  binding  to  the  Hbp  signal  peptide.  To  investigate 
whether  the  extension  is  sufficient  for  binding  of  SRP,  we  analyzed  crosslinking  to 
80Hbp[ΔNHC]T16, which  lacks  the  ‘classical’ C‐terminal  region of  the Hbp signal peptide  (Fig. 
3C). Crosslinking to Ffh was not detected using this construct. Instead, efficient TF‐crosslinking 
was observed (Fig. 3D, lane 3), illustrating that in this particular context the extension does not 
recruit SRP. To investigate whether the extension can stimulate SRP binding to signal peptides 
of low average hydrophobicity, we analyzed crosslinking of 73PhoE[+Ext]. In this construct the 
conserved extension of Hbp is fused to the signal sequence of PhoE (Fig. 3C). PhoE is an outer 
membrane protein that is targeted by SecB (331) and, consequently, does not crosslink to Ffh 
in  our  in  vitro  assay  (104,  105,  180).  In  this  context,  position  16  in  the  extension  was  not 
crosslinked  to  Ffh  even  in  the  presence  of  extra‐added  SRP  (Fig.  3D,  lane  4).  To  investigate 
whether  the  Hbp  extension  influences  association  of  SRP  with  the  hydrophobic  core  of  the 
PhoE  signal  peptide,  we  analyzed  crosslinking  to  73PhoE[+Ext]T34  (see  Fig.  3C).  Again,  no 
crosslinking  to  Ffh  was  detected  (Fig.  3D,  lane  5).  This  result  was  not  due  to  inappropriate 
spacing of the probe with respect to the ribosome since crosslinking to Ffh was detected using 
nascent 80HbpT41 (data not shown), which is comparable to 73PhoE[+Ext]T34 with respect to 
the  position  of  the  photo‐reactive  probe  relative  to  the  peptidyl‐transferase  center  (see  Fig. 
3C). These results indicate that the extension does not recruit SRP to the PhoE signal peptide. 
Taken  together,  the  data  suggest  that  the  extension  is  neither  directly  involved  in 
binding of SRP nor does  it stimulate SRP binding to signal peptides that have a sub‐threshold 
affinity for SRP. Most likely, the efficient crosslinking of the extension to Ffh merely reflects a 
close proximity of the extension to Ffh that actually interacts with the hydrophobic core of the 
Hbp signal peptide. 
Recently, it was suggested that the extension of the EspP SPATE signal peptide inhibits 
binding of SRP and TF (278). It was proposed that the extension either imposes a conformation 
of the signal peptide that is incompatible with bindinga to SRP and TF or alters the accessibility 
to  SRP  and  TF  by  recruitment  of  a  novel  factor.  Our  crosslinking  data  do  not  support  these 
hypotheses. First, Ffh and TF were efficiently crosslinked to wild‐type Hbp, illustrating that the 
extension does not put constraints on the  interaction with  those  factors  (Fig. 3). Second,  the 
extension of Hbp was efficiently crosslinked to Ffh, suggesting that in our system the extension 
was not sheltered by an alternative factor  (Fig. 3D,  lane 1‐2; Fig. S2).  It should be mentioned 
that photo‐crosslinking to the extension generated additional prominent crosslinking adducts. 
However,  these adducts were not specific  for AT signal peptides  (Fig. 3D,  lanes 4‐5; data not 
shown) and most likely represent crosslinking to ribosomal proteins such as L23 and L29 (180, 
329). 
 
The extension does not influence targeting pathway selection 
To further investigate the function of the extension, we analyzed its role in targeting pathway 
selection in vivo. Using pulse‐chase analysis, the processing kinetics of Hbp and Hbp[ΔExt] were 
monitored  in the double mutant strain HDB52 that  lacks SecB and carries the  ffh‐gene under 
arabinose promoter control (Fig. 4). As a control we also analyzed processing of Hbp[ssPhoE] in 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which the entire Hbp signal peptide has been replaced by the signal peptide of PhoE (Fig. 1). 
We predicted this Hbp‐derivative to rely on the SecB pathway for targeting. 
Consistent with  previous  results  (109),  processing  of Hbp  in  a ΔsecB  background was 
severely compromised only when cells were also depleted for Ffh (Fig. 4, cf.  lanes 1‐5 and 6‐
10). Similarly, no significant defect  in maturation of Hbp[ΔExt] was detected  in HDB52 unless 
the  SRP  pathway  was  compromised  by  depletion  of  Ffh  (Fig.  4,  cf.  lanes  11‐15  and  16‐20). 
Apparently,  Hbp[ΔExt]  and  wild‐type  Hbp  share  the  ability  to  use  the  SRP  pathway  for 
targeting. This is consistent with our crosslinking data, which suggest that the extension is not 
critical for SRP binding.   
In  marked  contrast  to  Hbp  and  Hbp[ΔExt],  N‐terminal  processing  of  Hbp[ssPhoE] 
appeared dramatically affected by the absence of SecB even when Ffh was not depleted (Fig. 4, 
lanes 26‐30). It is worth noting that secretion of the Hbp[ssPhoE] passenger was not affected in 
wild‐type  E.  coli  cells  (data  not  shown),  ruling  out  an  intrinsic  defect  in  processing  of  this 
construct. Interestingly, the N‐terminal processing defect of Hbp[ssPhoE] is also reflected in the 
accumulation of a passenger form (prepass) of lower electrophoretic mobility than the cleaved 
passengers of Hbp and Hbp[ΔExt] (Fig. 4 cf.  lanes 21‐30 and 1‐20). This form might represent 
accumulated  precursor  Hbp[ssPhoE]  that  underwent  processing  of  the  β‐domain  in  the 
cytoplasm.  Collectively,  the  data  indicate  that  Hbp[ssPhoE]  requires  SecB  for  targeting,  as 
opposed  to  Hbp  and  Hbp[ΔExt]    that  can  also  use  the  SRP  pathway  to  reach  the  inner 
membrane.  
 
 
 
Fig. 4. Removal of the signal peptide extension does not affect targeting of Hbp. Processing of Hbp, Hbp[ΔExt] 
and Hbp[ssPhoE] in E. coli HDB52 cells was analyzed by pulse‐chase labeling, essentially as described before (109). 
Cells  were  grown  overnight  in  the  presence  of  0.2%  L‐arabinose  (to  express  Ffh),  washed  and  diluted  in  M9 
medium containing 0.1% casaminoacids and 0.2% glucose. L‐arabinose (0.2%) was added to half of the cultures 
and  growth  was  continued  for  5h.  Cells  were  washed  and  resuspended  in  M9  medium  containing  a 
methionine/cysteine‐free amino acid mixture and 0.2% glucose. L‐arabinose (0.2%) was added as indicated. After 
20 min of recovery, cells were induced with IPTG for 10 min, labeled with [35S]methionine for 1 min and chased for 
the  times  indicated.  Hbp  was  immunoprecipitated  from  cell  fractions  and  analyzed  by  SDS‐PAGE  and 
phosphorimaging. Relevant prepro‐, pro‐, and passenger‐forms are indicated. 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In  contrast  to  Hbp,  various  other  ATs  (EspP,  Pet,  IcsA,  FhaB)  have  been  reported  to 
strictly use a post‐translational SRP‐independent route for targeting (269, 278, 279, 328). This 
discrepancy  might  be  due  to  structural  differences  in  the  respective  signal  peptides. 
Remarkably, with a score of 0.715 on the scale of Wertz & Scheraga (WS) (110)    (for window 
length  =  12)  the  hydrophobic  core  of  the  Hbp  signal  peptide  scores  above  the  threshold 
hydrophobicity  (WS‐scale score = 0.690)  required  for SRP recognition as defined by Beckwith 
and co‐workers (111). In contrast, the signal peptides of EspP, Pet, IcsA and FhaB all have sub‐
threshold  hydrophobicities  (WS‐scale  scores  ranging  from  0.636  to  0.671).  In  addition,  the 
cores  of  these  signal  peptides  contain  helix‐breaking  glycine  residues  that  are  known  to  be 
detrimental for signal peptide recognition by the SRP (105). The core of the Hbp signal peptide 
contains  prolines  instead  of  glycines  as  potential  helix  breaking  or  bending  residues  (Fig.  1). 
Interestingly,  prolines  have  in  fact  been  reported  to  support  SRP  binding  in  the  context  of 
signal  peptides  of  low  average  hydrophobicity  (332).  On  the  other  hand,  the  separation 
between AT signal peptides that can or cannot promote routing via the SRP pathway may not 
be  so  strict. Possibly,  the AT signal peptides have a varying affinity  for  the SRP  implying  that 
targeting  pathway  selection  is  a  subtle  process.  Indeed,  minor  changes  that  only  slightly 
affected signal peptide hydrophobicity or charge, were shown to  influence the mode of EspP 
targeting  (137).  Furthermore,  targeting  and  secretion  of  wild‐type  EspP  appeared  hardly 
affected in a SecB‐deficient background (278), suggesting a facultative use of the SRP pathway 
similar to Hbp. It should be noted that parameters other than the nature of the signal peptide 
may influence interaction with the SRP, such as the translation rate and folding characteristics 
of  the  nascent  chain.  This  implies  that  the  fairly  divergent  AT  passenger  domains  (245) may 
well contribute to differences in SRP‐dependency.  
 
Concluding remarks 
Hbp  can  make  facultative  use  of  both  the  SRP  and  SecB  pathway.  Our  data  show  that  the 
conserved extension of the Hbp signal peptide does not play a critical role  in the selection of 
targeting pathways. The extension of Hbp may act at a later stage in biogenesis. Interestingly, 
preliminary evidence suggests that upon membrane insertion the Hbp signal peptide contacts 
the accessory translocon component YidC (7), which thus far has primarily been implicated in 
the biogenesis of IMPs (data not shown). We are currently investigating whether this atypical 
use of the Sec‐translocon influences later stages in Hbp folding and translocation, and the role 
the extension plays in these processes. 
 
 
Experimental procedures 
 
Reagents and sera 
Restriction  enzymes,  Expand  long  template  PCR  system  and  T4‐DNA  ligase  were  purchased 
from Roche Applied Science. [35S]methionine and Protein A Sepharose were from Amersham. 
Other  chemicals  were  supplied  by  Sigma‐Aldrich.  Reconstituted  SRP  was  a  gift  from  Dr.  I. 
Sinning (Heidelberg University, Germany). Antisera were from our collection. 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Strains and plasmids 
E.  coli  K‐12  strains used were Top10F’  (Invitrogen) and HDB52  (106).  For  in  vitro  crosslinking 
experiments and  in  vivo  pulse‐chase experiments, Hbp  constructs were  cloned  into plasmids 
pC4Meth  and  pEH3,  respectively,  as  described  previously  (109,  333).  Details  on  plasmid 
construction can be found as Supplementary material. 
 
In vitro transcription, translation and crosslinking 
Preparation  of  truncated  mRNA,  in  vitro  translation,  chemical‐  or  photo‐crosslinking  and 
sample processing were performed as described previously (109, 329). 
 
Pulse‐chase analysis 
Pulse‐chase  experiments  were  carried  out  at  37°C.  Cells  were  induced  with  1  mM  of  IPTG, 
pulse labeled with 10 µCi/ml [35S]methionine and chased with 2 mM cold methionine. Culture 
samples were added to one volume of ice‐cold M9 medium to stop the chase. Cells and spent 
medium were separated by centrifugation. Medium fractions were TCA‐precipitated whereas 
cells were subjected to immunoprecipitation using Hbp(J40) antiserum as described (109). 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Supplementary figures S1 and S2 
 
 
Fig.  S1.  Chemical  crosslinking  and  immunoprecipitation  of  nascent 
Hbp in the presence or absence of the signal peptide extension. Upon 
in  vitro  translation  of  116Hbp  and  93Hbp[ΔExt],  half  of  each  sample 
was  treated with  1 mM  of  the  DSS‐analogue  BS3, whereas  the  other 
half  was  left  untreated.  BS3  treated  samples  were  either  analyzed 
directly  by  TCA‐precipitation  and  SDS‐PAGE  or  immunoprecipitated 
(334)  with  Ffh‐  or  TF‐antiserum  as  indicated  using  three  times  the 
amount  of  material  used  for  direct  analysis.  Molecular  mass  (kDa) 
markers are indicated at the left side of the panel. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.  S2.  Photo‐crosslinking  and  immunoprecipitation  of  nascent  Hbp 
carrying  a  probe  in  the  conserved  extension.  In  vitro  translation  of 
80HbpT16 in an E. coli lysate. After translation, half of each sample was 
irradiated with UV‐light  to  induce crosslinking, whereas  the other half 
was  kept  in  the  dark.  UV‐irradiated  samples  were  either  analyzed 
directly  by  TCA‐precipitation  and  SDS‐PAGE  or  immunoprecipitated 
(334) with  Ffh  antiserum as  indicated. Molecular mass  (kDa) markers 
are indicated at the left side of the panel. 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Supplementary Experimental procedures 
 
Plasmid construction 
Plasmid  pEH3‐Hbp  has  been  described  previously  (333).  Plasmid  pEH3‐Hbp[ΔExt]  was 
generated by PCR using pEH3‐Hbp as a template. The primers used were pEH‐XbaI‐ssHbp‐ΔExt‐
fw  (5’‐taactttctagattacaaaacttaggagggtttttaccatgaaatgtgttcataagtctg‐3’;  XbaI  site  in  boldface, 
Shine‐Dalgarno sequence underlined, and hbp  initiation codon in italics) and Hbp‐EcoRI‐rv (5’‐
tgcagaattctcagaatgaataacgaatattag‐3’; EcoRI site in boldface). The resulting PCR fragment was 
cloned  into  the  XbaI/EcoRI  sites  of  pEH3‐Hbp.  To  create  pEH3‐Hbp[ssPhoE],  a  three  step 
overlap‐extension PCR procedure was used. First, the signal peptide‐coding region of phoE was 
amplified  using  pC4Meth‐94PhoE  (104)  as  a  template.  The  primers  used  were  pEH‐XbaI‐
ssPhoE‐fw  (5’‐taactttctagattacaaaacttaggagggtttttaccatgaaaaagagca  ctctggc‐3’;  XbaI  site  in 
boldface,  Shine‐Dalgarno  sequence  underlined,  and  phoE  initiation  codon  in  italics)  and 
ssPhoE‐overl‐rv  (5’‐ccgttccagcctgtacgctagcagatgccacaatgcc‐3’;  hbp  overlap  underlined,  phoE 
in italics, introduced NheI site in boldface). Second, the proHbp (passenger + β‐domain)‐coding 
region of hbp was amplified. In this reaction, pEH3‐Hbp served as a template and the primers 
used were  Hbp‐mat‐overl‐fw  (5’‐caggctggaacggtcaataatgaactc‐3’; phoE  overlap  in  italics, hbp 
underlined)  and  Hbp‐EcoRI‐rv.  In  a  third  PCR  reaction,  the  ssPhoE  and  proHbp  encoding 
sequences were  fused.  For  this,  the products of  the previous  two PCR  reactions were mixed 
and combined with the primers pEH‐XbaI‐ssPhoE‐fw and Hbp‐EcoRI‐rv. The resulting fragment 
was cloned into the XbaI/EcoRI sites of pEH3‐Hbp. Plasmid pC4MethssHbp (109) was used for 
the  generation  of  truncated  116Hbp  mRNA.  To  obtain  pC4Meth‐93Hbp[ΔExt],  plasmid 
pC4MethssHbp  was  subjected  to  Exsite  PCR‐based,  site‐directed  mutagenesis  (Stratagene) 
using  the  primers  ssHbp‐ΔExt‐fw  (5’‐aaatgtgttcataag  tctgtcaga‐3’)  and  pC4‐ssHbp‐ΔExt‐rv  (5’‐
catattagaattctccttcttaaa‐3’;  hbp  initiation  codon  underlined).  All  following  constructs  were 
created by PCR and cloned  into pCMM (116) using the EcoRI/BamHI restriction sites. Plasmid 
pC4Meth‐80Hbp was created using pC4MethssHbp as a template and the primers Hbp‐EcoRI‐
fw  (5’‐gccggaattctaatatgaa cagaatttattctcttc‐3’; EcoRI  site  in boldface, hbp  initiation codon  in 
italics)  and 80Hbp‐BamHI‐rv  (5’‐gtcaggatccctgatacccgagttca  ttattg‐3’; BamHI  site  in boldface). 
Plasmid  pC4Meth‐80Hbp[ΔNHC]  was  generated  in  a  three  step  overlap‐extension  PCR 
procedure.  First,  the  conserved  signal  peptide  extension  coding  region  of hbp was  amplified 
using  pC4MethssHbp  as  a  template  and  the  primers  Hbp‐EcoRI‐fw  and  ssHbp‐ΔNHC‐rv  (5’‐
gagttcattattgaccgttccccta  gcaaactcagatacgg‐3’;  hbp  passenger  overlap  underlined,  hbp 
conserved  extension  in  italics).  Second,  part  of  the  passenger  coding  region  of  hbp  was 
amplified  using  pC4MethssHbp  as  the  template  and  the  primers  ssHbp‐ΔNHC‐fw  (5’‐
ccgtatctgagtttgctaggggaacggtcaataatgaactc‐3’; hbp conserved extension overlap in italics, hbp 
passenger  underlined)  and  80Hbp‐ΔNHC‐BamHI‐rv  (5’‐gtcaggatccaaattctccctgcttattataaa‐3’; 
BamHI  site  in  boldface).  Third,  the Hbp extension  and passenger  coding  regions were  fused. 
The products of the two previous reactions were mixed and combined with the primers Hbp‐
EcoRI‐fw  and  80Hbp‐ΔNHC‐BamHI‐rv.  Plasmid  pC4Meth‐73PhoE[+Ext]  was  obtained  using  a 
similar three step overlap‐extension PCR strategy. First, the conserved signal peptide extension 
coding region of hbp was amplified using pC4MethssHbp as a template and the primers Hbp‐
EcoRI‐fw  and Hbp‐Ext‐ssPhoE‐rv  (5’‐gccagagtgctctttttcatcctagcaaactcagatacgg‐3’;  phoE  signal 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peptide  overlap  underlined; hbp  conserved  extension  in  italics).  Second, phoE was  amplified 
using  pC4Meth‐94PhoE  (104)  as  a  template  and  the  primers  Hbp‐Ext‐ssPhoE‐fw  (5’‐ 
ccgtatctgagtttgctaggatgaa aaagagcactctggc‐3’; hbp conserved extension overlap in italics, phoE 
signal  peptide underlined)  and 49PhoE‐BamHI‐rv  (5’‐  gtcaggatcctttattaccgtctttat  tatatatttc‐3’; 
BamHI site  in boldface). Third,  the Hbp extension and PhoE coding sequences were  fused by 
PCR. In this reaction the products of the two previous reactions were mixed and combined with 
the  primers  Hbp‐Ext‐ssPhoE‐fw  and  49PhoE‐BamHI‐rv.  For  in  vitro  photo‐crosslinking 
experiments, single amber codons (TAG) were incorporated where appropriate via nested PCR 
as  described  previously  (139).  This  resulted  in  the  following  plasmids:  pC4Meth‐80HbpT16, 
pC4Meth‐80HbpT41,  pC4Meth‐80Hbp[ΔNHC]T16,  pC4Meth‐73PhoE[+Ext]T16  and  pC4Meth‐
73PhoE[+Ext]T34. Nucleotide sequences were verified by DNA sequencing. 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Abstract 
 
Autotransporters (ATs) constitute an important family of virulence factors secreted by Gram‐
negative  bacteria.    Following  their  translocation  across  the  inner  membrane  (IM),  ATs 
temporarily  reside  in  the  periplasmic  space  after  which  they  are  secreted  into  the 
extracellular  environment.  Previous  studies  have  shown  that  the  AT  hemoglobin  protease 
(Hbp) of Escherichia  coli  requires a  functional  SRP pathway and Sec  translocon  for optimal 
targeting to and translocation across the IM. Here, we analyzed the mode of IM translocation 
of Hbp  in more detail. Using site‐directed photo‐crosslinking, we found that  the Hbp signal 
peptide  is adjacent to YidC early during biogenesis. Notably, YidC  is  in part associated with 
the Sec translocon but has so far primarily been implicated in the biogenesis of IM proteins. 
Depletion  of  YidC  in  vivo  resulted  in  the  formation  of  secretion  incompetent  Hbp 
intermediates  that  were  sensitive  to  degradation  by  the  periplasmic  protease  DegP, 
indicating that YidC is involved in biogenesis of Hbp at a late stage, after translocation across 
the  IM. We propose  that YidC  is  required  for maintenance of  the  translocation  competent 
state of Hbp  in the periplasm. The  large periplasmic domain of YidC  is probably not critical 
for  this  novel  functionality  as  most  of  this  domain  can  be  deleted  without  affecting  Hbp 
biogenesis. 
 
 
Introduction 
 
In Gram‐negative bacteria, proteins destined  for secretion  into  the extracellular environment 
must  traverse  a  complex  cell  envelope  comprising  the  inner  membrane  (IM)  and  outer 
membrane  (OM)  separated  by  the  periplasmic  space.  Several  pathways  have  evolved  that 
enable protein transfer across the cell envelope. The simplest and most widely distributed of 
these  is  the  autotransporter  (AT)  or  type  Va  secretion  pathway  that  is  dedicated  to  the 
secretion of large virulence factors (245). ATs are typically organized into three domains: (i) the 
signal peptide at the N‐terminus to allow targeting to and translocation across the IM via the 
protein‐conducting  channel  SecYEG  (Sec  translocon),  (ii)  the  secreted passenger domain  that 
carries  the  actual  effector  function  of  the  AT,  and  (iii)  the β‐domain  at  the  C‐terminus  that 
adopts a β‐barrel conformation in the OM and plays a crucial but enigmatic role in transfer of 
the passenger domain across the OM (5). 
  Most ATs are produced with a classical signal peptide that mediates targeting to the Sec 
translocon via the post‐translational SecB pathway and is cleaved by the major signal peptidase 
SPaseI following translocation of the AT across the IM (245). Nevertheless, several reports have 
described ATs with more unusual targeting sequences.  For example, a small population of ATs 
have  been  identified  as  lipoproteins  (271‐273)  carrying  a  signal  peptide  with  a  conserved 
sequence,  the  lipobox,  that  is  acetylated  by  apolipoprotein  N‐acyl  transferase  and 
subsequently  cleaved  by  the  signal  peptidase  II  (46,  52).  Furthermore,  a  subset  of  ATs, 
including  all  members  of  the  subfamily  of  serine  protease  autotransporters  of 
Enterobacteriaceae (SPATEs), are synthesized with remarkably long signal peptides that contain 
a well  conserved N‐terminal extension  (245, 277).  Similar extensions have been  found  in  the 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signal  peptides  of  proteins  that  are  exported  via  the  related  two‐partner  secretion  pathway 
(245, 277). Although some studies suggested that the conserved extensions promote targeting 
of ATs via a strictly post‐translational mechanism, the signal peptide of the SPATE hemoglobin 
protease  (Hbp)  was  shown  to  engage  the  co‐translational  signal  recognition  particle  (SRP) 
targeting pathway, irrespective of the presence of the N‐terminal extension (109, 335). A role 
for AT signal peptide extensions in IM targeting remains therefore controversial. Alternatively, 
these  segments  were  suggested  to  regulate  the  rate  of  IM  translocation  for  ATs  (279).  In 
agreement  with  this  view,  the  extension  of  the  SPATE  EspP  was  shown  to  induce  slow 
progression  of  reporter  proteins  through  the  Sec  translocon.  Interestingly,  removal  of  the 
extension  caused  EspP  to misfold  in  the  periplasm  and  blocked  its  transport  across  the OM 
(280). 
  The  remarkable  observation  that  Hbp,  a  secretory  protein,  can make  use  of  the  SRP 
route (109, 335), which directs targeting of primarily integral inner membrane proteins (IMPs) 
with  rather  hydrophobic  targeting  sequences  (53),  does  not  stand  on  its  own.  Also  the 
periplasmic  protein  DsbA  and  the  lipoproteins  BRP  and  Lpp  were  reported  to  use  the  SRP 
pathway  for  targeting  (45,  336).  Interestingly,  in  both  cases  SRP‐dependency  seemed 
correlated  with  an  atypical  use  of  the  Sec  translocon.  Export  of  DsbA  appeared  similarly 
affected by specific secY mutations as  IMPs, pointing  to  the existence of common translocon 
elements  that  DsbA  and  membrane  proteins  utilize  for  their  export  and  integration, 
respectively (149, 336). Similarly, during IM translocation, BRP and Lpp were shown to interact 
with  YidC,  an  accessory  translocon  component  that  has  further  only  been  implicated  in  the 
biogenesis  of  IMPs  (45).  In  addition,  also  a  chimera  consisting  of  GFP  and  the  cleavable 
hydrophobic  FliP  signal  peptide  appeared  to  rely  on  both  SRP  and  YidC  for  IM  translocation 
(337). 
  YidC  is an  IMP with 6 TMs and a  large periplasmic domain of unknown function  (338) 
and  is  in  part  associated  with  the  Sec  translocon  (74,  141,  142,  150).  Available  evidence 
suggests  that  it  acts  downstream  of  the  SecYEG  machinery  in  the  biogenesis  of  IMPs  and 
facilitates  lateral  transfer  (116,  139)  and  assembly of  transmembrane  segments  (TMs)  (144). 
Furthermore,  YidC  is  believed  to  function  in  the  folding  of  polytopic  IMPs  into  their  native 
structure (145, 146). A recent study suggested a linked role for YidC and the IM protease FtsH 
in  the  quality  control  of  IMPs  (339).  YidC  also  functions  independent  from  the  translocon, 
catalyzing the insertion of relatively small/simple IMPs including subunits of the cytochrome o 
oxidase and F1F0‐ATPase  (140). As  such,  the Sec‐independent  function of YidC  is essential  for 
cell viability (160). 
  To  get more  insight  into  the mode  of  translocation  of  the AT Hbp  across  the  IM, we 
studied the molecular interactions of Hbp during the early stages membrane insertion using an 
in vitro translation and photo‐crosslinking approach. We found that the Hbp signal peptide is in 
contact with YidC. When YidC was depleted  in vivo, Hbp secretion was impaired as a result of 
the formation of secretion incompetent Hbp intermediates in the periplasmic space. This is the 
first demonstration of a role for YidC in the biogenesis of an extracellular protein.  
 
 
Chapter 4 
70 
 
Results 
 
The Hbp signal peptide interacts with YidC during inner membrane translocation 
The unusual signal peptides that are found in a large subset of ATs are thought to modulate the 
rate  at  which  ATs  are  transferred  into  the  periplasm.  Recent  work  suggested  that  these 
peptides  transit  through  the Sec  translocon  relatively  slowly and  transiently  tether  the AT  to 
the  IM  (279,  280).  Conceivably,  these  signal  peptides direct  atypical  routing  through  the  Sec 
translocon.  In  a  previous  study,  we  investigated  the  molecular  environment  of  the  signal 
peptide  of  Hbp  during  membrane  insertion  using  an  in  vitro  translation  and  crosslinking 
approach.  Molecular  interactions  of  nascent  Hbp  were  fixed  using  the  homobifunctional 
crosslinking  lysine‐specific  reagent  DSS,  revealing  contacts  with  SecA  and  the  translocon 
component  SecY  (109).  It  should  be  mentioned  that  previous  work  from  our  group  on  the 
biogenesis  of  the  IMP  FtsQ  suggested  that  DSS  can  be  effectively  used  to  reveal  contacts 
between substrate proteins and hydrophilic exposed regions of IMPs but seems less suited to 
probe  contacts  with  IMPs  that  take  place  strictly  within  the  lipid  bilayer  (119,  139).  This  is 
probably  due  to  relative  paucity  of  lysine  residues  in  the  TMs  of  IMPs.  Therefore,  we 
considered it opportune to reanalyze the molecular contacts of the Hbp signal peptide during 
membrane  insertion using  a  site‐specific  in  vitro  translation and photo‐crosslinking  approach 
(139).  In  this  approach,  radiolabeled  translation  intermediates  of  specific  length  (nascent 
chains)  are  produced  using  a  homologous  cell  free  translation  system.  During  translation,  a 
carbene generating photo‐reactive crosslinking probe is introduced using previously described 
(Tmd)Phe‐tRNAsup  technology.  The  highly  reactive  carbene  is  known  to  attack  neighboring 
molecules irrespective of their chemical nature (340).     
A 116 amino acids  long Hbp nascent chain (116Hbp) was generated that was  identical 
to the construct used in the previous study. The signal peptide of this construct is well‐exposed 
out of  the ribosome to provide optimal targeting (Fig. 1A). Translation was carried out  in the 
presence of purified inverted inner membrane vesicles (IMVs) to allow membrane insertion of 
the Hbp 116‐mer and generation of an Hbp translocation intermediate. To probe the molecular 
contacts  of  Hbp  during  membrane  translocation,  a  photo‐reactive  probe  was  introduced  at 
position 41 (T41) of the signal peptide,  in the middle of the hydrophobic core (Fig. 1A). After 
translation,  samples  were  irradiated  with  UV‐light  to  induce  crosslinking.  Subsequently, 
samples were extracted with sodium carbonate to separate the membrane integrated from the 
peripheral membrane and soluble proteins. 
As shown previously (109), 116Hbp was properly targeted to the IMVs as judged from 
the  relatively  high  carbonate  resistance  (~50%)  (Fig.  1B,  cf.  lanes  1  and  3).  Interestingly,  a 
prominent ~70 kDa  crosslinking adduct was detected  in  the  carbonate pellet  fraction  (Fig.  1, 
lane  1).  Immunoprecipitation  identified  the  accessory  translocon  component  YidC  as  the 
crosslinking partner (Fig. 1, lane 2). Consistently, the molecular mass of the adduct corresponds 
to  the added molecular mass of  the Hbp nascent  chain  (~13 kDa) and YidC  (~55 kDa).  In  the 
carbonate supernatant fraction containing non‐targeted material (Fig. 1, lane 3), a crosslinking 
adduct  of  similar  molecular  weight  was  detected.  Immunoprecipitation  showed  that  this 
adduct represented crosslinking to trigger factor (TF) (Fig. 1, lane 4), a cytosolic chaperone with 
a  general  affinity  for  nascent  polypeptide  chains  (180).  Previously, we  showed  that  the Hbp 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signal  peptide  efficiently  crosslinks  to  Ffh,  the  protein  component  of  the  SRP,  in  the  cytosol 
(335). In the current study, no prominent adduct representing crosslinking to Ffh (~60 kda) was 
found  in  the  presence  of  IMVs,  consistent with  release  of  SRP  upon membrane  insertion  of 
Hbp.       
The crosslink data show that the Hbp signal peptide is in the close vicinity of YidC during 
the  early  stages  of  IM  translocation  of  Hbp.    Taken  together  with  previous  data  that  show 
crosslinking  to  SRP  in  the  cytosol  and SecA/SecY  in  the membrane  (109,  335),  the molecular 
contacts of Hbp during targeting and insertion closely resemble those of the nascent IMPs FtsQ 
and  Lep  (104,  139,  341).  Interestingly,  crosslinking  of  nascent  Hbp  to  YidC  appeared  rather 
prominent  and  almost  exclusive  at  endogenous  YidC  expression  levels,  suggesting  that  it 
represents a functional interaction. 
 
Fig.  1.  In  vitro  photo‐crosslinking  of  YidC  to 
the  signal  peptide  of  nascent  Hbp.  (A) 
Schematic  representation  of  nascent 
116HbpT41.  The  classical  region  of  the  Hbp 
signal peptide is indicated as a thick solid line 
with  a  white  central  area  representing  the 
hydrophobic  core. A  signal  peptide  extension 
that  is  conserved  among  a  subset  of  ATs  is 
indicated by a grey colored box. The position 
of  the  amber  codon  that  is  suppressed  with 
(Tmd)Phe‐tRNAsup  to  allow  incoporation  of  a 
photo‐reactive  probe  is  indicated  (T41).  The 
nascent chain is depicted with 35 amino acids 
in  the  ribosome.  (B)  In  vitro  translation  of 
116HbpT41in  the  presence  of  IMVs.  After 
irradiation  with  UV‐light  to  induce 
crosslinking,  the  sample  was  extracted  with 
sodium  carbonate.  The  resulting  carbonate‐
pellet (P) and ‐supernatant (S) fractions were 
analyzed  by  SDS‐PAGE  directly,  or  first 
immunoprecipitated  (IP)  using  antiserum 
against  YidC  and  TF,  respectively,  as 
indicated. Molecular mass  (kDa) markers are 
indicated at the left side of the panel. 
   
 
 
YidC is involved in Hbp biogenesis in vivo 
The  in  vitro  crosslink  data  suggest  that  YidC  interacts  with  the  Hbp  signal  peptide  during 
passage of the IM. This  interaction may be the basis for the reduced translocation kinetics of 
AT signal peptides that seem required to prevent improductive folding of ATs in the periplasmic 
space  (280).  To  investigate  whether  the  observed  contact  of  nascent  Hbp  with  YidC  is 
functionally  relevant, we  investigated  the  role of YidC  in Hbp biogenesis  in  vivo.  To  this end, 
plasmid pEH3‐Hbp, which carries the hbp gene under control of an IPTG inducible lac promoter 
(333), was transformed to the YidC depletion strain JS7131. In this strain the chromosomal yidC 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gene is disrupted and functionally substituted by an intact copy of the yidC gene that is under 
arabinose  promoter  control  (138).  Cells were  grown  either  in  the  presence  (control  cells)  or 
absence (YidC depleted cells) of arabinose and supplemented with IPTG to induce expression of 
Hbp  for  2h.  Subsequently,  samples  were  withdrawn  from  the  cultures  and  centrifuged  to 
separate cells and medium. Both fractions were analyzed by SDS‐PAGE and Coomassie staining 
to monitor expression and secretion of Hbp. 
  
 
 
Fig. 2. Depletion of YidC affects Hbp biogenesis in vivo. (A) Analysis of expression and secretion of Hbp in YidC 
depletion strain JS7131. Cells harboring pEH3‐Hbp were grown in the presence or absence of L‐arabinose to allow 
expression or depletion of YidC, respectively. After 5,5h of growth, expression of Hbp was induced by addition of 
IPTG  (1mM)  and  growth was  continued.  Samples were  collected  2h  after  induction,  separated  in  cells  (C)  and 
spent medium  (M)  and  analyzed  by  SDS‐PAGE  and  Coomassie  staining.  Cells were  resuspended  in  SDS‐sample 
buffer directly whereas medium samples were first TCA precipitated. Cells  loaded  in  lane 1 were collected after 
5,5h of growth, prior to addition of IPTG. The relevant areas of the same gel are shown. Molecular mass markers 
(kDa)  are  shown  at  the  left  side  of  the  panels.  The  Hbp  passenger  (pass),  pro‐form  (pro)  and  β‐domain  are 
indicated at the right hand side of the panels. (B) Immunoblot analysis of the YidC and PspA content in 0.03 OD660 
units of cells collected under A. 
 
 
In non‐depleted cells, Hbp is efficiently expressed, processed and secreted as shown by 
the  appearance  of  the  110  kDa  passenger  domain  (312,  333)  in  the  cells  and  medium  as 
compared with cells that were not induced with IPTG (Fig. 2,  lanes 1 and 2‐3). The identity of 
the Hbp  passenger was  confirmed  by  immunoblotting  (not  shown).  Also,  a  ~28  kDa  product 
accumulated in the cells (lane 2). This product represents the cleaved β‐domain of Hbp (333), 
the  identity  of  which  was  verified  by  immunoblotting  (not  shown).  Upon  depletion  of  YidC, 
significantly  lower  amounts  of  Hbp  were  detected  in  both  cells  and  medium  fractions, 
indicating poor expression (Fig. 2A, lanes 2‐3 and 4‐5). As a control, signal peptide processing of 
the  outer  membrane  protein  OmpA  and  the  periplasmic  protein  OppA  appeared  virtually 
unaffected  (data  not  shown),  demonstrating  that  indirect  inactivation  of  the  Sec  translocon 
had not occurred under these conditions. Depletion of YidC was verified by analyzing the YidC 
content in the cell fraction by immunoblotting (Fig. 2B, lanes 2 and 3). In addition, upregulation 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of the stress protein PspA was observed in these cells due to dissipation of the proton motive 
force (Fig. 2B, lane 3). This latter phenomenon is caused by defects in the membrane assembly 
of  the  cytochrome  o  oxidase  and  F1F0‐ATPase  complexes,  a  direct  consequence  of  YidC 
depletion (153). 
To investigate whether the impaired expression of Hbp upon depletion of YidC reflects 
a  functional  dependency  on  YidC  rather  than  a  general  defect  in  protein  expression,  we 
analyzed the effect of YidC depletion on the expression of an unrelated secretory protein (Fig. 
3).  To  this end,  the outer membrane protein PhoE was produced  from vector pEH3  in  strain 
JS7131 to similar levels as Hbp (Fig. 3A). Depletion of YidC did not alter the expression of PhoE 
significantly (Fig. 3A, lanes 5 and 6), suggesting that the reduced expression of Hbp was not due 
to more general secondary effects of YidC depletion. Taken together, the data point to a role 
for YidC in the biogenesis of Hbp.  
 
 
 
Fig.  3.  Depletion  of  YidC  does  not  affect  biogenesis  of  secretory  proteins  in  general.  (A)  Analysis  of  the 
biogenesis of Hbp and PhoE in strain JS7131. Strains JS7131(pEH3‐Hbp) and JS7131(pEH3‐PhoE) were grown and 
analyzed in parallel as described in the legend to Fig. 2A. As PhoE is an integral outer membrane protein that is 
not secreted into the extracellular environment, medium samples of JS7131(pEH3‐PhoE) were not analyzed. Data 
were displayed as in Fig. 2A. The relevant areas of the same gel are shown. PhoE, which runs on gel as a double 
band for obscure reasons, is indicated on the right hand side of the lower panel. (B) Immunoblot analysis of 0.03 
OD660 of cells collected under A using antiserum against YidC or PspA. 
 
 
Depletion  of  YidC  leads  to  accumulation  of  DegP‐sensitive  Hbp  intermediates  in  the 
periplasm 
Depletion of YidC leads to reduced expression levels of Hbp. Pulse‐chase analysis showed that 
synthesis of Hbp under these conditions is not affected (data not shown), suggesting that YidC 
depletion  induces  instability  of  Hbp,  leading  to  (partial)  degradation.  In  which  cellular 
compartment are unstable Hbp intermediates degraded in the absence of YidC? Alteration of 
the  normal  kinetics  of  translocation  across  the  IM  of  the  SPATE  EspP  has  been  reported  to 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cause  misfolding  of  the  EspP  passenger  in  the  periplasmic  space,  leading  to  secretion 
incompetence  (280).  Moreover,  we  recently  showed  that  Hbp  intermediates  that  fail  to  be 
translocated across the outer membrane are degraded by the periplasmic protease DegP. We 
further  showed  that  expression  of  secretion  incompetent  Hbp  derivatives  in  the  absence  of 
DegP  resulted  in  accumulation  of  unprocessed  proHbp  species  in  the  periplasm,  containing 
both  the passenger and the β‐domain  (333). These  findings prompted us  to analyze whether 
degradation  of  Hbp  upon  YidC  depletion  takes  place  the  periplasmic  space.  To  address  this 
issue, we created strain JS7131ΔdegP that allowed us to evaluate the effect of YidC depletion 
on  Hbp  biogenesis  in  the  absence  of  DegP.  JS7131ΔdegP  was  constructed  by  phage‐P1 
transduction,  moving  the  degP41(ΔPstI)::kanR  allele  of  strain  KS476  (342)  to  strain  JS7131 
(138). 
E.  coli  JS7131ΔdegP  was  transformed  with  pEH3‐Hbp  and  expression  of  Hbp  was 
determined  in  the  presence  (control  cells)  or  absence  (YidC  depleted  cells)  of  arabinose  as 
before (Fig. 4).  In contrast to the reduced expression of Hbp  in standard JS7131 cells  (Fig 4A, 
lanes 1‐4), YidC depletion in JS7131ΔdegP resulted in the accumulation of a ~148 kDa product 
(*)  in  the  cells  representing  the unprocessed pro‐form of Hbp  (Fig.  4A,  cf.  lanes 7 and 5),  as 
confirmed  by  immunoblotting  using  antisera  against  the  Hbp  passenger  and  β‐domain  (not 
shown). Notably,  the observation  that  recovered proHbp material was not  further processed 
and secreted into the medium suggests that these intermediates have attained a conformation 
in  the periplasm that  is  incompatible with secretion. Proper depletion of YidC, as well as  the 
absence of DegP in JS7131ΔdegP cells, was verified by immunoblotting (Fig. 4B). 
 
 
Fig. 4. Accumulation of DegP‐sensitive Hbp intermediates in the periplasm upon depletion of YidC.  (A) Analysis 
of  expression  and  secretion  of  Hbp  in  strains  JS7131  and  JS7131ΔdegP.  Cells  were    grown  in  the  presence  or 
absence of L‐arabinose to allow expression or depletion of YidC, respectively, as described in the legend to Fig. 2A. 
Data were displayed as in Fig. 2A. proHbp that accumulates upon depletion of YidC is indicated with an asterix. 
(B) Immunoblot analysis of the YidC and DegP content of 0.03 OD660 units of cells collected under A. 
 
 
To confirm that stabilization of proHbp  in  JS7131ΔdegP  is  the result of  inactivation of 
the  degP  gene  per  se  and  not  due  to  a  secondary  mutation  on  the  chromosome,  we 
investigated whether degradation of Hbp  could be  restored by providing  a  copy of  the  gene 
encoding DegP in trans (Fig. 5). For this purpose, strain JS7131ΔdegP harboring pEH3‐Hbp was 
cotransformed  with  a  compatible  low  copy  number  plasmid  (pWSK29/DegP)  carrying  degP 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under control of its native promoter. Cells carrying both plasmids properly expressed DegP, to 
similar  levels as standard  JS7131 cells  that carried an  intact chromosal copy of degP  (Fig. 5B, 
lanes 3 and 1). In contrast, cells carrying an empty vector did not produce DegP, equal to non‐
cotransformed  JS7131ΔdegP(pEH3‐Hbp)  (Fig.  5B,  lanes  4  and  2,  resp.).  Furthermore,  cells 
harboring the DegP expression plasmid survived growth at 42°C (data not shown), as opposed 
to the empty vector control, demonstrating functional complementation of the chromosomal  
degP41  allele  in  trans.  Expression  of  Hbp  in  YidC  depleted  JS7131ΔdegP  carrying  the  empty 
vector  resulted  in  accumulation  of  proHbp  material  (Fig.  5A,  lane  5),  as  expected.  Such 
accumulation of proHbp was not observed when pWSK29/DegP was present (Fig. 5A,  lane 1). 
Instead, depletion of YidC again resulted in reduced expression and secretion of Hbp (Fig. 5A, 
lanes 1‐2 and 3‐4), demonstrating that secretion incompetent Hbp intermediates formed under 
these conditions were degraded by plasmid encoded DegP. These data show that stabilization 
of proHbp species in the periplasm of JS7131ΔdegP is a direct consequence of deletion of degP 
and confirm the integrity of the strain. 
Taken  together,  the  data  demonstrate  that  in  the  absence  of  YidC,  secretion 
incompetent  DegP‐sensitive  Hbp  intermediates  accumulate  in  the  periplasmic  space. 
Apparently, YidC is involved in the biogenesis of Hbp at a late stage, after translocation across 
the IM. 
 
 
Fig.  5.  Complementation  of  ΔdegP  with  degP  in 
trans  restores  degradation  of  secretion 
incompetent Hbp intermediates upon depletion of 
YidC.  (A)  Analysis  of  accumulation  of  proHbp  in 
JS7131ΔdegP(pEH3‐Hbp) upon transformation with 
DegP‐expression plasmid pWSK‐DegP (lanes 1‐4) or 
the  empty  vector  pWSK‐Empty  (lanes  5‐8)  as 
described in the legend to Fig. 2A. (B) DegP levels in 
JS7131(pEH3‐Hbp)  (lane  1)  and    JS7131ΔdegP  
(pEH3‐Hbp) (lanes 2‐4) co‐transformed with pWSK‐
DegP  or  pWSK‐Empty,  as  indicated.  Cells  were 
grown  in  the  absence  of  arabinose  and  collected 
after the addition of IPTG as described in the legend 
to Fig. 2A. The equivalent of 0.015 OD660 units of cell 
material  was  analyzed  by  immunoblotting  using 
DegP  antiserum.  The  image  is  composed  of 
separate  lanes  derived  from  the  same  original 
chemiluminescence image. 
 
 
 
The large periplasmic domain of YidC is not important for biogenesis of Hbp 
YidC is composed of 6 TMs with a large ~35 kDa periplasmic domain P1 between TMs 1 and 2, 
corresponding  to  amino  acid  residues  24‐342  (338).  Interestingly,  structure–function  studies 
showed that the N‐terminal 90% of the domain can be deleted without affecting cell viability 
and  insertion of a number of Sec‐dependent and Sec‐independent substrates  (142, 163). The 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exact role of the large periplasmic domain of YidC has remained unclear. Our in vivo data show 
that  YidC  is  involved  in  late  steps  of  Hbp  biogenesis  and  suggest  that  it may  be  required  to 
prevent misfolding of Hbp in the periplasmic space. We considered the possibility that the P1 
domain of YidC plays a role in such a process.  
 
 
Fig.  6.  The  large  periplasmic 
domain  of  YidC  is  dispensible  for 
expression  and  secretion  of  Hbp. 
(A)  Analysis  of  expression  and 
secretion  of  Hbp  in  JS7131(pEH3‐
Hbp)  upon  complementation  of 
YidC  depletion  with  plasmid 
encoded  YidC[Δ44‐243]  (lanes  7‐
12) or wild‐type YidC (lanes 1‐6), as 
described  in  the  legend  to  Fig.  2A. 
Cultures  were  supplemented  with 
L‐arabinose  (Ara)  to  allow 
expression  of  YidC  from  the 
genome,  or  L‐rhamnose  (Rha)  to 
allow  expression  of  YidC  and 
YidC[Δ44‐243]  from  pWSK/Rha,  as 
indicated.  (B)  Immunoblot  analysis 
of  YidC  and  YidC[Δ44‐243] 
expression  in  0.03  OD660  units  of 
cells  collected  under  A  using 
antiserum  against  YidC.  Molecular 
mass  markers  (kDa)  are  shown  at 
the  left side of the panel. YidC and 
YidC[Δ44‐243] are  indicated at  the 
right  hand  side  of  the  panel.  (C) 
Immunoblot  analysis  of  the  PspA 
content  in 0.03 OD660 units of  cells 
collected under A. 
 
 
 
 
 
 
 
 
 
 
To  test  whether  the  periplasmic  domain  is  critical  for  proper  Hbp  biogenesis,  we 
generated YidC[Δ44‐243] that lacked residues 44–243 of YidC, roughly corresponding to the N‐
terminal  60%  of  the  large  periplasmic  domain.  This  construct  still  contained  the  C‐terminal 
region of the periplasmic domain that has been reported to be essential for YidC activity (142, 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163).  Indeed, when YidC[Δ44‐243] was placed on a  low copy number vector under rhamnose 
promoter control and introduced into JS7131(pEH3‐Hbp), addition of rhamnose to the growth 
medium  did  restore  the  growth  defect  that  was  observed  when  cells  were  grown  in  the 
absence of arabinose to deplete YidC (data not shown). Furthermore, expression of YidC[Δ44‐
243] (see Fig. 6B, lane 6) was shown to complement the PspA response that is associated with 
YidC‐depletion  (Fig 6C,  cf.  lanes 4 and 6). Wild‐type YidC was properly depleted under  these 
conditions  as  shown  by  immunoblotting  (Fig.  6B,  cf.  lanes  5  and  6),  validating  our  assay 
conditions. Taken together, YidC[Δ44‐243] can functionally complement YidC. 
Upon  complementation  with  YidC[Δ44‐243],  expression  and  secretion  of  Hbp  was 
comparable  to  what  was  observed  for  cells  grown  in  the  presence  of  arabinose,  expressing 
wild‐type  YidC  from  the  chromosome  (Fig.  6A,  cf.  lanes  11‐12  and  9‐10,  resp.),  or  cells 
complemented  with  wild‐type  YidC  from  a  rhamnose  inducible  plasmid  (Fig.  6A,  lanes  5‐6, 
resp.).  As  a  control,  expression  and  secretion  of  Hbp  in  the  absence  of  both  arabinose  and 
rhamnose were  significantly  reduced  (Fig.  6A,  lanes  1‐2  and 7‐8).  These  results  demonstrate 
that YidC[Δ44‐243] sustains proper biogenesis of Hbp,  indicating that  the periplasmic domain 
P1 of YidC is largely dispensable for the Hbp secretion process. 
 
 
Discussion 
 
ATs of  the SPATE subfamily are synthesized with an unusually  long signal peptide to mediate 
targeting to and translocation across the bacterial IM. To investigate the mechanism of transfer 
across the IM, we probed the molecular interactions of the AT Hbp during IM translocation. In 
a previous study we demonstrated that Hbp inserts into the membrane in or close to the Sec 
translocon,  based on  the observation  that  nascent Hbp  could  be  crosslinked  in  vitro  to  SecY 
and  SecA  using  a  homo‐bifunctional  crosslinking  reagent  that  is  specific  for  lysine  residues 
(109).  In  the present study we reanalyzed the  interactions of Hbp  in  the membrane using an 
unbiased site‐specific  in vitro photo‐crosslinking approach and focusing on the unusual signal 
peptide  of  Hbp.  Surprisingly,  the  signal  peptide  in  short  nascent  Hbp  was  very  efficiently 
crosslinked to YidC (Fig. 1), which has been implicated in the biogenesis of IMPs both in a Sec‐
dependent  and  in  Sec‐independent  process  (the  YidC‐only  pathway).  In  addition,  Hbp  was 
shown to require YidC for efficient secretion in vivo (Fig. 2), underscoring the relevance of the 
observed  interaction.  In  the  absence  of  YidC,  Hbp  intermediates  accumulated  in  the 
periplasmic space that appeared sensitive to degradation by the protease DegP (Fig. 4). Based 
on  these  data  and  the  previous  observation  that  DegP  degrades  malfolded  Hbp  passenger 
derivatives that are unable to pass the outer membrane (333), we suggest that YidC is required 
for proper folding of Hbp in the periplasm into a secretion competent conformation. 
How does  YidC  influence  the  folding  of Hbp  in  the  periplasm?  YidC  has  already  been 
implicated in the folding of polytopic IMPs mainly based on the impaired in vitro folding of LacY 
in  YidC  depleted membrane  vesicles  (146).  However,  in  this  functionality  YidC  is  believed  to 
assist  in  the  assembly  of  TM  segments  into  helical  bundles.  This  view  is  supported  by  the 
observation  that  YidC  is  adjacent  to  multiple  TM  segments  of  nascent  polytopic  IMPs  at  a 
specific stage in biogenesis (144, 145). Obviously, for Hbp that only contains a signal peptide as 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a  clear hydrophobic  TM‐like  segment,  YidC must play  a different  role. Work by  the  group of 
Harris Bernstein suggested that transient tethering of the signal peptide to the IM is essential 
to prevent misfolding of the passenger of the SPATE EspP in the periplasm (280). It is therefore 
conceivable that YidC slows down the release of Hbp from the IM via a prolonged interaction 
with the Hbp signal peptide or by preventing access to the leader peptidase. In support of this 
hypothesis  we  observed  rather  efficient  crosslinking  of  the  Hbp  signal  peptide  with  YidC  in 
IMVs.  It  should  be  mentioned  that  pulse‐chase  experiments  did  not  reveal  accelerated 
processing  of  the  Hbp  signal  peptide  under  conditions  of  YidC  depletion  (data  not  shown). 
However,  as  suggested  before  (280),  even  slight  changes  in  the  kinetics  of  processing  and 
release  may  have  a  huge  impact  on  (mis)folding  and,  hence,  secretion  of  Hbp  due  to  the 
relatively fast process of protein folding in vivo. 
E. coli YidC  is synthesized with a  large periplasmic domain P1 of which the  function  is 
not  known.  Interestingly,  recent  crystal  structures  of  domain  P1  revealed  a  cleft  that might 
have  unfolded  polypeptide  chains  as  its  natural  ligand  (164,  165).  Conceivably,  P1  binds  to 
regions of Hbp that emerge in the periplasm upon translocation through the Sec‐YidC complex 
to  slow  down  release  and  to  assist  folding  either  directly  or  by  recruiting  other  factors. 
However,  biogenesis  and  secretion  of  Hbp  proceed  unaffected  when  the  majority  of  P1 
(residues  44‐243)  has  been  deleted  from  YidC  (Fig.  6).  It  is  a  formal  possibility  that  the 
conformation of Hbp in the extracellular environment is changed in the absence of the YidC P1 
domain  but  without  affecting  translocation  competence.  On  the  other  hand,  proteinase  K 
digestion  of  surface  exposed  and  secreted  Hbp  experiments  did  not  reveal  conformational 
differences in Hbp passenger material secreted in the presence or absence of residues 44‐243 
(data not shown), making this option highly unlikely. Alternatively, the residual part of P1 that 
is still present in the P1 deletion mutant may sustain a functional interaction with Hbp. We are 
currently investigating this possibility. 
Although  Hbp  is  the  first  example  of  an  extracellular  protein  whose  biogenesis 
implicates  both  SRP  and  YidC,  the  secretory  lipoproteins  BRP  and  Lpp  show  similar 
dependencies (45). The periplasmic protein DsbA was also shown use the co‐translational SRP 
pathway for targeting (336) but its possible dependency on YidC was not investigated. A recent 
study  showed  that  YidC  deficiency  causes  an  upregulation  of  the  periplasmic  Cpx/σE  stress 
response pathways (149). This upregulation was attributed to abnormal folding of proteins  in 
the  IM  under  these  conditions.  Our  findings,  suggest  that  the  observed  upregulation  of 
envelope  stress  upon  depletion  of  YidC  may  also  be  due  to  the  accumulation  of  misfolded 
secretory proteins that depend on YidC for productive folding. 
ATs share a highly conserved domain organization and structure (5). It is therefore not 
unlikely  that  other  ATs  also  rely  on  YidC  for  biogenesis  and  secretion.  In  support  of  this 
assumption,  a  recent unbiased proteome analysis  showed  that  the  level of  the AT Ag43 was 
significantly reduced in total lysates of E. coli cells depleted for YidC (L. Baars and J.W. de Gier, 
unpublished observations).  Interestingly, Ag43 contains an extended signal peptide similar  to 
Hbp  (277),  suggesting  that  there  is  a  correlation between  this  feature and YidC dependency. 
Whether  YidC  is  involved  in  biogenesis  of  ATs  in  general  and  whether  the  presence  of  an 
extended  signal  peptide  is  decisive  for  YidC‐dependent  folding  in  the  periplasmic  space  are 
currrent topics of interest. 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Experimental procedures 
 
Strains, media and growth conditions 
Strain JS7131 has been described before (138). To construct the JS7131 degP mutant strain, the 
degP41(ΔPstI)::kanR allele was moved from strain KS476 (342) into JS7131 by P1 transduction. 
Transductants were  selected  at  37°C  on  LB‐agar  supplemented with  kanamycin    (50 µg/ml), 
0.2% L‐arabinose and 10 mM sodium citrate. The absence of DegP was  further confirmed by 
immunoblotting using DegP antiserum. 
Strains were routinely grown  in Luria‐Bertani  (LB) medium at 30°C. For YidC‐depletion 
experiments, cells were grown overnight in the presence of 0.2% glucose and 0.2% L‐arabinose, 
washed  in  the  same  medium  lacking  L‐arabinose,  and  subcultured  to  an  OD660  of  0.05  in 
medium containing 0.2% glucose. L‐arabinose (0.2%) or L‐rhamnose (0.2%) were added, where 
appropriate.  Streptomycin  (50  µg/ml),  chloramphenicol  (20  µg/ml),  kanamycin  (30  µg/ml), 
spectinomycin (25 µg/ml) and ampicilin (100 µg/ml) were added to the medium, if required. 
 
Reagents, enzymes and sera 
Restriction enzymes, T4‐DNA ligase and Lumi‐Light Western blotting substrate were purchased 
from  Roche  Applied  Science.  Pfu‐Ultra  DNA  Polymerase  was  obtained  from  Stratagene.  L‐
arabinose  and  L‐rhamnose  were  supplied  by  Merck.  Coomassie  brilliant  blue  G  was  from 
Janssen Chimica. All other chemicals were supplied by Sigma‐Aldrich. The antisera against YidC 
and TF were from our own collection. The antisera against PspA and PhoE were kind gifts from 
J.  Tommassen  (Utrecht  University,  the  Netherlands).  The  antiserum  against  DegP  was 
generously provided by J. Beckwith (Harvard Medical School, Boston, USA). 
 
Plasmid construction 
Plasmid pEH3‐Hbp (333) was used for the expression of Hbp. To allow expression of PhoE in an 
identical context, pEH3‐PhoE was created by PCR. The gene encoding phoE was amplified using 
E.  coli  MC4100  genomic  DNA  as  template  and  the  primers  pEH‐XbaI‐PhoE_fw  (5’‐
taactttctagattacaaaacttaggagggtttttaccatgaaaaagagcactctggc‐3’;  XbaI  site  in  boldface,  pEH3 
Shine‐Dalgarno sequence underlined, and phoE  initiation codon in italics) and PhoE‐BamHI_rv 
(5’‐gatcggatccttaaaactgatacgtcatgcc; BamHI site in boldface, phoE stop‐codon underlined). The 
resulting fragment was cloned into XbaI/BamHI digested pEH3‐Hbp.  
  Plasmids pWSK‐Empty en pWSK‐DegP were created as follows. First, pWSK29 (343) was 
digested with restriction enzymes BsaAI and PvuII and the resulting 750 bp fragment, including 
lacZα,  multiple  cloning  site,  and  T7  and  T3  RNA  polymerase  promoters,  was  removed.  The 
remaining 4684 bp vector fragment was blunt‐end self‐ligated, yielding pWSK‐Empty. To obtain 
pWSK‐DegP,  the degP  gene and  its  regulatory  elements were  amplified  from E.  coli MC4100 
genomic DNA by PCR using primers that annealed ~480 bp upstream and ~135 bp downstream 
of  the  degP  gene,  respectively.  The  primers  used  were  Genom/degP[‐480bp]‐fw  (5’‐gtacgt 
acccggggtgtttagccatccagatgtc‐3’;  SmaI  site  in  boldface)  and  Genom/degP[TAA+135bp]‐rv  (5’‐
gtacgtacccggggcttagcataaggaagtacg‐3’;  SmaI  site  in  boldface).  The  resulting  fragment  carried 
two  flanking  SmaI  sites  that  were  used  to  clone  the  fragment  into  BsaAI/PvuII  digested 
pWSK29 (see above) via blunt‐end ligation. 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 To  allow  L‐rhamnose  induced  expression  of  YidC  and  YidC[Δ44‐243],  a  pWSK29 
derivative  was  created  that  carried  the  multiple  cloning  site,  rhaT  promoter  and  rhaR/rhaS 
regulatory genes of pRHA‐113 (344). To this end, a PCR fragment was generated using pRHA‐
113  as  template  and  the  primers  DrdI‐Rha‐fw  (5’‐tgcatgcagactccaacgtcagtactcgataagctta 
attaatctttctgcg‐3’; DrdI  site  in  boldface)  and  SapI‐Rha‐rv  (5’‐tgcatgcaaagcggaagagcagtactgtga 
tggatatctggagaattcg‐3’;  SapI  site  in  boldface).  The  resulting  fragment  was  cloned  into  the 
DrdI/SapI  sites  of  pWSK29,  yielding  pWSK/Rha.  To  generate  pWSK/Rha‐YidC,  the  XbaI/SmaI 
fragment  of  pCL‐ecOxa1,  carrying  the  YidC  coding  sequence  (160),  was  subcloned  into 
pWSK/Rha using  the XbaI/EcoRV  restriction  sites.  To  construct  pWSK/Rha‐YidC[Δ44‐243],  the 
nucleotide sequence encoding residues 44‐243 of YidC was deleted using Exsite PCR‐based site‐
directed  mutagenesis  (Stratagene)  using  the  primers  YidC.d44‐243‐rv  (5’‐tgcggtggtcgttg 
tctgcgtg‐3’) and YidC.d44‐243‐fw (5’‐ctgaacatct cttcgaaaggtgg‐3’).  
To  construct  plasmid  pCMM‐116HbpT41,  a  PCR  fragment  was  generated  using 
pC4Meth‐ssHbp  (109) as a  template and  the primers Hbp‐EcoRI‐fw  (5’‐gccggaattctaatatgaaca 
gaatttattctcttc‐3’;  EcoRI  site  in  boldface,  hbp  initiation  codon  in  italics)  and  pCMM116Hbp‐
BamHI‐rv (5’‐gtcaggatccagctgccttatccagcgta‐3’; BamHI site in boldface). The resulting fragment 
was cloned into pCMM (116) using the EcoRI/BamHI restriction sites, yielding pCMM‐116Hbp. 
To allow  in vitro photo‐crosslinking, a single amber codon (TAG) was  incorporated via nested 
PCR as described previously  (139),  using  the mutagenesis primers  ssHbp‐TAG41‐fw  (5’‐ccggtt 
ttattgtagatcccggta‐3’;  amber  codon  in  boldface)  and  ssHbp‐TAG41‐rv  (5’‐taccgggatctacaat 
aaaaccgg‐3’; amber codon in boldface). 
 
In vitro translation and photo‐crosslinking 
Truncated  mRNA  was  prepared  from  HindIII  linearized  pCMM‐116HbpT41  as  described 
previously (74).  In vitro  translation, photo‐crosslinking and sodium carbonate extraction were 
carried  out  as  described  (119,  139).  Samples  were  analyzed  directly  by  SDS‐PAGE  or 
immunoprecipitated  first  using  3‐fold  the  amount  used  for  direct  analysis.  Radiolabeled 
proteins were visualized using a Molecular Dynamics Phosphorimager 473. 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Abstract 
 
Many  virulence  factors  secreted  by  pathogenic  gram‐negative  bacteria  belong  to  the 
autotransporter (AT) family. ATs consist of a passenger domain, which is the actual secreted 
moiety,  and  a  β ‐domain  that  facilitates  the  transfer  of  the  passenger  domain  across  the 
outer membrane. Here, we analyzed folding and translocation of the AT passenger, using E. 
coli  Hbp  as  a  model  protein.  Dual  cysteine  mutagenesis,  instigated  by  the  unique  crystal 
structure  of  the  Hbp  passenger,  resulted  in  intramolecular  disulphide  bond  formation 
dependent on the periplasmic enzyme DsbA. A small  loop tied off by a disulphide bond did 
not  interfere with  secretion of Hbp.  In  contrast,  a  bond between different domains of  the 
Hbp  passenger  completely  blocked  secretion  resulting  in  degradation  by  the  periplasmic 
protease  DegP.  In  the  absence  of  DegP,  a  translocation  intermediate  accumulated  in  the 
outer membrane. A similar jammed intermediate was formed upon insertion of a calmodulin 
folding moiety into Hbp. The data suggest that Hbp can fold in the periplasm but must retain 
a  certain degree of  flexibility  and/or modest width  to allow  translocation across  the outer 
membrane. 
 
 
Introduction 
 
Despite their complex cell envelope, Gram‐negative bacteria secrete a wide variety of proteins 
into  the extracellular milieu  (345).  Several pathways have evolved  to enable protein  transfer 
across the inner membrane, the periplasm and the outer membrane. The autotransporter (AT) 
pathway,  also  known  as  type  Va  secretion,  appears  the  most  widely  distributed  secretion 
system  and  is  typically  used  by  virulence  factors  with  diverse  roles  in  pathogenesis.  The  AT 
dogma  is  deceptively  simple  in  the  sense  that  the  AT,  as  implied  by  its  name,  carries  all 
information  for  translocation  across  the  periplasm  and  outer  membrane  within  the  protein 
itself (245). 
ATs  are  synthesized  as  large  precursor  proteins  that  contain  three  domains:  (i)  the 
signal sequence at the N‐terminus to allow targeting to and initiation of transfer across the Sec 
translocon, a protein conducting channel  in  the  inner membrane used by most  secreted and 
membrane proteins (ii) the secreted passenger domain that carries the actual effector function 
of the AT and (iii) the β‐domain at the C‐terminus that adopts a β‐barrel conformation in the 
outer membrane and plays a crucial role in transfer of the passenger domain across the outer 
membrane (245, 250). The mechanism of secretion of ATs  is unclear and controversial at  the 
molecular level.  
The most  debated  issues  relate  to  the  existence  of  a  periplasmic  intermediate  in  the 
translocation process and  the nature and oligomeric organization of  the  translocator pore  in 
the  outer  membrane.  Considerable  evidence  suggests  that  ATs  temporarily  reside  in  the 
periplasm  (281‐284,  294).  However,  the  extent  of  folding  in  this  compartment  and  the 
tolerance  of  the  translocator  towards  passage  of  folded  structures  is  unclear  and may  vary 
between  different  ATs.  Folding  of  the  passenger  in  the  periplasm  has  implications  for  the 
nature  and  dimensions  of  the  translocator  pore.  Initially,  it  was  proposed  that  the  pore  is 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formed by a single C‐terminal β‐domain that transfers the passenger in an extended, unfolded 
conformation  (290).  Indeed,  the  recent  crystal  structure  of  the  β‐domain  of  NalP  reveals  a 
narrow  (10x12Å)  twelve‐stranded  β‐barrel  pore  that  precludes  passage  of  folded  structures 
more complex than an α‐helix (253). On the other hand, purified β‐domain of the IgA protease 
was  shown  to  form multimeric  ring‐like  structures  that may  enclose  a  channel with  a  larger 
diameter  (20Å), possibly compatible with partially  folded passenger structures  (284, 297). An 
alternative  pore  model  involves  Omp85  that  is  considered  a  general  insertase  for  outer 
membrane  proteins.  Omp85  might  directly  act  as  a  channel  for  the  passenger  or  indirectly 
modulate the conformation and dimensions of a β‐barrel translocator (253, 254).  
Hemoglobin protease  (Hbp)  is a key virulence  factor  that  is produced and secreted  in 
large amounts via the AT mechanism by a pathogenic Escherichia coli strain during peritonitis 
(311, 312). Hbp degrades hemoglobin and subsequently binds the released heme as an easily 
accessible  source  of  iron.  Hbp  belongs  to  the  SPATE  family  (serine  protease  ATs  of 
Enterobacteriaceae)  that  possess  a  consensus  serine  protease motif.  This motif  is  present  in 
many important secreted virulence factors from E. coli and Shigella species (248).  
Data with respect to AT folding and outer membrane translocation presented thus far 
have been obtained before detailed molecular models of any AT passenger domain had been 
reported  (282‐284, 286, 287, 289‐295). We have recently determined the crystal structure of 
Hbp (110 kDa), the first structure of a SPATE and the first complete structure of a secreted AT 
passenger domain  (Fig.  1;  256).  Therefore, we  considered  it  opportune  to  reexamine  folding 
and  translocation  of  ATs,  using  Hbp  as  a model  substrate  allowing  structure‐based mutants 
with  minimal  perturbation  of  the  native  passenger  structure.  Using  paired  cysteine 
mutagenesis  we  obtained  evidence  for  considerable  folding  of  the  Hbp  passenger  in  the 
periplasm.  “Locking”  the  periplasmic  intermediates  by  disulphide  bridging  was  incompatible 
with  secretion only when  the  cysteines were distant  in  the primary  structure.  In  this  case,  a 
DegP‐sensitive  secretion  intermediate  was  formed  in  the  outer  membrane  that  appeared 
partly exposed at  the cell  surface. A  similar  jammed  intermediate was  formed when a  small, 
separate, Hbp domain was replaced by a small folded calmodulin moiety. The data suggest that 
Hbp  can  fold  in  the  periplasm  but must  retain  a  certain  degree  of  flexibility  and/or modest 
width to allow translocation across the outer membrane.   
 
 
Results 
 
Rationale for the selection of paired cysteine residues 
The crystal structure of the secreted Hbp passenger shows a long right‐handed β‐helical stem, 
slightly kinked in the center where a small β‐stranded domain of unknown function (domain 2) 
protrudes from the stem. In addition, a large N‐terminal globular domain (domain 1) is present 
that contains the serine protease site (Fig. 1; 256). To obtain insight into the folding state of the 
passenger domain during transit in the periplasm we have introduced paired cysteine residues 
in  the Hbp passenger  that  does not  contain  any  cysteines of  its  own.  Positions were  chosen 
that appear juxtaposed in the crystal structure and, aided by the program SSBOND (347), were 
predicted  to  be  optimal  for  disulphide  bridge  formation.  One  pair  is  also  close  in  primary 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structure  (707C‐712C)  and  located  in  a  loop  that  extrudes  from  the  main  β‐helix  stem  just 
above the catalytic domain 1 (Fig. 1A). The second pair  is remote  in primary structure (110C‐
348C) but close in tertiary structure. Leu110 and Gly348 participate in a long and narrow contact 
region that connects the catalytic domain to the lower part of the cylindrical β‐stem (Fig. 1B).  
 
 
 
Fig.  1.  Hbp  derivatives  used  in  this  study.  Hbp  residues  targeted  for  mutation  are  indicated  in  the  crystal 
structure  of  the  secreted  Hbp  passenger  (1WXR[PDB]).  (A)  Hbp707C/D712C:  Ala707(white  spheres)/Asp712(black 
spheres)   Cys707/Cys712.  (B)  Hbp110C/348C:  Leu110(white  spheres)/Gly348(black  spheres)   Cys110/Cys348.  (C) 
Hbp(Calm): Hbp domain 2  (aa 483‐555; black)  substituted by  the Ca2+‐loaded  form of human calmodulin  (1CLL 
[PDB]).  Ca2+‐ions  in  calmodulin  are  represented  by white  spheres.  The  structure  of  Hbp  has  been  rotated with 
respect to the vertical axis to provide the best view of the three mutants. Images were created using MacPyMOL. 
A color version of this figure is available online in the Supplementary material section of (333). 
 
 
Expression and secretion of paired cysteine mutants 
The  paired  cysteine mutants  were  cloned  under  lac  promoter  control  and  expressed  in  the 
wild‐type E. coli  strain DHB4. Cells were grown  in minimal medium to early  log phase before 
induction of Hbp expression with  isopropyl β‐D‐thiogalactopyranoside  (IPTG)  for 2h.  Samples 
were  then withdrawn  and  centrifuged  to  separate  cells  and medium.  To monitor  expression 
and secretion of Hbp, both fractions were analyzed by SDS‐PAGE and Coomassie staining (Fig. 
2A). 
Under these conditions, wild‐type Hbp is efficiently expressed, processed and secreted 
as shown by the appearance of the 110 kDa product in cells (lane 2) and medium (lane 3), as 
compared  to  the  empty  vector  control  (lane  1).  The  110  kDa  product  represents  the  Hbp 
passenger domain (109, 312, 348), which was confirmed by immunoblotting (data not shown). 
The passenger form in the cell fraction is accessible to protease added to intact cells and hence 
translocated and exposed at the cell surface (data not shown). As expected, a ~28 kDa product 
accumulated  in  the cells  (Fig. 2A,  lane 2),  corresponding  to  the cleaved Hbp β‐domain  (348). 
The  identity  of  the  Hbp‐β‐domain was  confirmed  by  immunoblotting  (data  not  shown).  The 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paired cysteine mutant Hbp110C/348C showed only trace amounts of Hbp both in the cell and 
supernatant  fraction  indicating  poor  expression  (lanes  4  and  5).  In  contrast,  expression, 
processing and secretion of Hbp707C/712C was indistinguishable from wild‐type Hbp indicating 
that  transfer  of  this  paired  cysteine mutant  across  the  cell  envelope  proceeds  unperturbed 
(lanes 6 and 7). 
 
Fig. 2. Disulphide bonding and secretion of 
Hbp  cysteine  mutants.  (A)  Expression  and 
secretion  of  wild‐type  Hbp  and  the  paired 
cysteine  mutants  (Hbp110C/348C  and 
Hbp707C/712C)  in  the  dsbA‐  strain  DHBA 
(lanes 8‐13) and its isogenic wild‐type DHB4 
(lanes  2‐7).  Cells  harboring  the  constructs 
cloned  into  the  expression  vector  pEH3  or 
empty  vector  (lane  1)  from  overnight 
cultures were  resuspended  in  fresh medium 
and  their  growth  was  continued.  When 
cultures reached early‐log phase, expression 
of Hbp(mutants) was  induced with 1 mM of 
IPTG.  Samples  were  collected  2h  after 
induction,  separated  in  cells  (C)  and  spent 
medium (M) and analyzed by SDS‐PAGE and 
Coomassie  staining.  The  relevant  areas  of 
the  same  gel  are  shown.  Molecular  mass 
(kDa) markers  are  indicated  at  the  left  side 
of  the  panels.  Hbp  passenger  (pass)  and β‐
domain  (β)  are  indicated  at  the  right  hand 
side  of  the  panels.  (B)  Expression  and 
secretion  of  wild‐type  Hbp  and  single 
cysteine mutants  Hbp110C  and Hbp348C  in 
strain DHB4 analyzed as described under (A). 
(C)  Analysis  of  medium  fractions  derived 
from cultures of DHB4 (lanes 1,3,5) or DHBA 
(2,4,6)  expressing  wild‐type  Hbp,  Hbp110C 
or  Hbp707C/712C  collected  90  min  after 
induction of expression. Half of each fraction 
was treated with  [14C]NEM and analyzed by 
SDS‐PAGE  and  phosphorimaging  (top), 
whereas  the  other  half  was  left  untreated 
and  analyzed  by  SDS‐PAGE and Coomasssie 
staining  (bottom).  See  “Experimental 
procedures” for more details. 
  
 
The poor expression of the Hbp110C/348C might be related to structural effects of the 
mutations per se or to the formation of intra‐ or inter‐molecular disulphide bonded species in 
the  oxidizing milieu  of  the  periplasm  (349).  Conceivably,  these  forms  are  incompatible  with 
translocation across the outer membrane and prone to degradation in the periplasm (147). To 
investigate  this  issue  in  more  detail,  the  single  cysteine  mutants  Hbp110C  and  Hbp348C 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mutants  were  analyzed  separately  for  expression  and  secretion.  As  shown  in  Fig.  2B,  both 
mutants behaved like wild‐type Hbp, strongly suggesting that the diminished expression of the 
paired Hbp110C/348C mutant is due to intra‐molecular disulphide bond formation. To test this 
possibility,  Hbp110C/348C  was  expressed  in  a  strain  that  lacks  the  major  periplasmic 
oxidoreductase, DsbA,  and  is  hence unable  to  form disulphide bonds  in  the periplasm  (194). 
Clearly, expression and secretion are restored to wild‐type levels in this strain (Fig. 2A, lanes 10 
and  11).  Consistently,  partial  restoration  of  Hbp110C/348C  secretion was  also  achieved  in  a 
wild‐type  strain  by  the  addition  of  the  reducing  agent β‐mercaptoethanol  during  expression 
(data not shown). Together, the results  imply that Hbp folds sufficiently well  in the periplasm 
to  undergo  disulphide  bonding  between  domains  that  are  close  in  tertiary  but  remote  in 
primary structure. Apparently, the “locked” Hbp110C/348C intermediate is unable to pass the 
outer membrane and, consequently, almost completely degraded. 
Unlike  Hbp110C/348C,  the  double  cysteine  mutant  Hbp707C/712C  was  secreted 
efficiently in both the wild‐type and the dsbA‐ strain. This indicated that either the presence of 
a disulphide bond did not affect secretion or, alternatively, that a disulphide bond could not be 
formed at all. To verify that a disulphide bond could be formed in the secreted Hbp707C/712C, 
the mutant Hbp was isolated from the culture medium, digested with trypsin and the resulting 
peptides were analyzed by tandem mass spectrometry. The presence of a trypsin cleavage site 
between  the  two  cysteines  (K709/D710)  allowed  us  to  demonstrate  unambiguously  that 
secreted Hbp707C/712C passenger contains a disulphide bond (Supplementary Fig. S1). 
Most likely, disulphide bonding in Hbp707C/712C has taken place in the periplasm prior 
to translocation across the outer membrane. To confirm this, we assessed the accessibility of 
the  Hbp707C/712C  to  derivatization  with  [14C]N‐ethyl‐maleimide  (NEM),  a  reagent  that 
specifically  and  covalently  binds  to  free  thiol  groups  of  unbonded  cysteine  side  chains. 
Hbp707C/712C and control constructs were expressed for 1.5h in a wild‐type and dsbA‐ strain 
in minimal medium lacking methionine and cysteine to minimize extracellular oxidoreductase 
activity (281).   Culture medium samples were collected, directly incubated with [14C]NEM and 
analyzed by SDS‐PAGE followed by phosphorimaging to visualize derivatization (Fig. 2C, upper 
panel) and by Coomassie staining to estimate secreted Hbp levels  (Fig. 2C, lower panel). Only 
minor  [14C]NEM  labeling was detected when Hbp707C/712C was expressed  in wild‐type  cells 
(lane 5), similar to the background labeling of wild‐type Hbp that is devoid of cysteines (lane 1). 
However,  Hbp707C/712C  labeling  was  significantly  increased  upon  expression  in  a  dsbA‐ 
background whereas labeling of wild‐type Hbp remained unchanged (lane 6 vs 2). As a further 
control  on  the  specificity  and  efficiency  of  [14C]NEM  labeling,  the  single  cysteine  mutant 
Hbp110C was  strongly  labeled  irrespective  of    the  presence  or  absence  of  DsbA  in  the  host 
strain  (lanes  3  and  4).  Together,  our  results  clearly  demonstrate  that  DsbA  catalyzes  intra‐
molecular  disulphide  bond  formation  in  Hbp707C/712C  in  the  periplasm.  Importantly,  this 
covalently modified  intermediate  is still  translocation competent and efficiently secreted  into 
the culture medium. 
In  conclusion,  the  data  suggest  that  the  Hbp  passenger  folds  in  the  periplasm  to  a 
considerable extent. However, some degree of flexibility appears critical as covalent linkage of 
folded  domains  completely  blocks  translocation  across  the  outer  membrane  and  results  in 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degradation of the trapped intermediate. In contrast, a small loop tied off by a disulphide bond 
seems fully compatible with efficient transfer across the outer membrane. 
 
Expression and secretion of Hbp fused to calmodulin 
The  paired  cysteine  mutants  described  above  suggest  a  correlation  between  the  size  and 
flexibility of folded Hbp intermediates and the competence for translocation across the outer 
membrane. To address this supposition with a method independent of disulphide bonding, we 
decided to introduce a well‐characterized cysteineless folding domain into the Hbp passenger. 
To minimize perturbation of the basic β‐stem structure and domain architecture of the native 
passenger,  we  chose  to  replace  domain  2,  a  small  (75  amino  acids)  separate  domain  of 
unknown  function  that  protrudes  from  the  β‐stem  just  above  the  kink  (Fig.  1C).  As 
heterologous folding domain we selected calmodulin (145 amino acids) the folding stability of 
which is strongly dependent on the presence of Ca2+ ions. The Ca2+‐loaded calmodulin forms an 
exceptionally stable dumbbell structure (Fig. 1C) whereas the apo‐form is significantly unfolded 
at normal  temperatures. This  feature allows  for control of  the  folding state of  calmodulin by 
manipulating the Ca2+ level (350‐352). To ensure optimal conformational flexibility with respect 
to  the  β‐stem,  calmodulin  was  flanked  by  Pro‐Gly‐Gly  spacers.  The  resulting  construct  was 
named Hbp(Calm). As a control, we created Hbp(Δdom2) that lacks domain 2 entirely.  
To  investigate  the  effect  of  folding  on  the  secretion  competence  of  the  chimera, 
Hbp(Calm) and the control constructs [wild‐type Hbp and Hbp(Δdom2)] were expressed in the 
wild‐type DHB4 strain in minimal medium containing 100 µM of CaCl2 to induce folding of the 
calmodulin domain. Alternatively, growth was performed in the presence of 200 µM ethylene 
glycol tetraacetic acid (EGTA) to chelate Ca2+ and thus to elicit a more flexible conformation of 
the calmodulin domain. Expression and secretion of Hbp(‐derivatives) was monitored as before 
by analyzing cell and medium fractions using SDS‐PAGE and Coomassie staining (Fig. 3). 
 
 
 
Fig.  3.  EGTA‐dependent  secretion  of  Hbp  fused  to  calmodulin.  Expression  and  secretion  of  wild‐type  Hbp, 
Hbp(Δdom2), Hbp(Calm) and Hbp110C/348C  in strain DHB4, analyzed as described  in Fig. 2A except  that EGTA 
(200 µM) was added to half of the cultures concomitant with IPTG. Data are displayed as in Fig. 2A, except that 
the (mutant) Hbp passengers are indicated with (>). 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First, we  verified  that  domain  2  is  not  required  for  expression  and  secretion  of  Hbp. 
Upon growth and induction, the passenger of Hbp(Δdom2) could be observed in both the cell 
and medium  fraction  irrespective  of  the  presence  or  absence  of  Ca2+  in  the  culture medium 
(lanes 6‐9),  similar  to wild‐type Hbp  (lanes 2‐5). Also, accumulation of cleaved β‐domain was 
found under these conditions. We conclude therefore that domain 2 is dispensible for efficient 
expression, processing and secretion of Hbp. 
We then analyzed secretion of Hbp(Calm) under the same conditions. Upon growth and 
induction  in  the  presence  of  Ca2+,  neither  Hbp(Calm)  passenger  nor  β‐domain  could  be 
detected  in  either  the  cell  or  medium  fractions  (lanes  10  and  11).  In  light  of  the  results 
obtained with the Hbp110C/348C mutant, we deduced that this poor expression is likely due to 
degradation  of  a  folded  and  trapped  intermediate.  Consistently,  the  ~122  kDa  Hbp(Calm) 
passenger was specifically secreted upon growth in the presence of EGTA (lane 13), a condition 
that is expected to prohibit stable folding of the calmodulin moiety. Furthermore, the cleaved 
β‐domain  could  be  identified  in  the  cell  fraction  (lane  12)  as  confirmed  by  immunoblotting 
(data not  shown).  Immunoblot analysis  further  showed  that growth  in  the presence of EGTA 
did not evoke leakage of periplasmic factors into the culture medium, arguing against a general 
permeabilization of the outer membrane under these conditions (data not shown). To exclude 
any  other  non‐specific  effects  of  EGTA  that  might  influence  secretion  of  trapped  Hbp 
intermediates, we verified that expression and secretion of the cysteine mutant Hbp110C/348C 
were not restored by EGTA (lanes 14‐17).  
Collectively,  the  data  suggest  that  the  extent  of  folding  in  the  periplasm  is  a  critical 
parameter  for  the  translocation competence of Hbp. Secretion of Hbp  is  rather  tolerant with 
respect to the attachment of flexible domains to the β‐stem structure. In contrast, even small 
domains that are solidly folded block translocation of Hbp, leading to degradation. 
 
Degradation of secretion incompetent Hbp mutants by the periplasmic protease DegP 
The data presented in Figures 2 and 3 suggest that Hbp derivatives that have a propensity to 
form  folded  and  inflexible  structures  are  prone  to  degradation.  Conceivably,  these 
intermediates initially accumulate in the periplasm in a secretion incompatible, folded, form. It 
has been  shown previously  that  the expression of heterologous or misfolded proteins  in  the 
periplasm elicits  a  cell  envelope  stress  response  that  is  characterized by  upregulation of  the 
periplasmic protease DegP (147). To examine cell envelope stress upon expression of our Hbp 
constructs  in  the  wild‐type  DHB4  strain,  we  monitored  the  steady  state  levels  of  DegP  by 
immunoblotting of cell fractions (Fig. 4A).  Expression of wild‐type Hbp and Hbp707C/712C only 
slightly  induced  DegP  expression  (lanes  1,  2  and  4).  In  contrast,  cells  that  express 
Hbp110C/348C  or  Hbp(Calm)  show markedly  increased  DegP  levels  indicative  of  severe  cell 
envelope stress (lanes 3 and 5). 
This  finding  suggested  that  DegP  is  directly  involved  in  degradation  of  the  folded, 
translocation  incompetent Hbp110C/348C and Hbp(Calm)  intermediates  in  the periplasm.  To 
examine  this  possibility,  expression  of  the  Hbp  derivatives was  determined  in  a degP‐  strain 
(Fig. 4B). Clearly, both Hbp110C/348C and Hbp(Calm) were expressed and accumulated in the 
cells as ~142 kDa (lane 14) and ~152 kDa (lane 18) products, respectively, corresponding to the 
expected  molecular  mass  of  the  unprocessed  (pro‐)form  of  the  derivatives.  Indeed,  the 
Folding and secretion of Hbp 
89 
 
presence  of  both  passenger  and  β‐domain  in  the  accumulated  products  was  confirmed  by 
immunoblotting  (data  not  shown).  Evidently,  a  prolonged  presence  of  the  pro‐form  of 
Hbp110C/348C  and  Hbp(Calm)  in  the  periplasm  does  not  result  in  significant  restoration  of 
secretion  (lanes  15  and  19)  arguing  that  these  intermediates  are  intrinsically  translocation 
incompetent.  As  expected,  the  absence  of  DegP  did  not  significantly  change  expression  and 
secretion of wild‐type Hbp and Hbp707C/712C (lanes 2,3,6,7,12,13,16,17). 
 
 
 
 
Fig.  4. Degradation of  secretion  incompetent Hbp mutants by DegP.  (A) DegP  levels  in DHB4  cells  expressing 
Hbp, Hbp110C/348C, Hbp707C/712C or Hbp(Calm). Cells were grown and  induced  for Hbp expression as  in Fig. 
2A. Cell fractions were analyzed by SDS‐PAGE and immunoblotting using an antiserum against DegP. (B) Analysis 
of expression and secretion of Hbp, Hbp110C/348C, Hbp707C/712C, Hbp(Calm) and Hbp(Δβ‐cleav)  in  the degP‐ 
strain KS476 (lanes 12‐21) and wild‐type strain DHB4 (lanes 2‐11) as in 2A. Results are displayed as in 2A, except 
that the (mutant) Hbp passengers are indicated with (>) and the pro‐forms of (mutant) Hbp are indicated with (*). 
 
 
To examine  the  connection between processing,  secretion and degradation of Hbp  in 
more detail, we  constructed an Hbp mutant  that we expected  to be  translocated across  the 
outer  membrane  in  an  unprocessed,  cell‐associated  form  (see  under  Secretion  incompetent 
Hbp derivatives are stuck in the outer membrane). In this mutant, Hbp(Δβ‐cleav), the cleavage 
site between the passenger and β‐domain has been compromised. Expression of Hbp(Δβcleav) 
results  in  accumulation  of  uncleaved  (pro‐)Hbp  in  the  cell  fraction,  as  confirmed  by 
immunoblotting (data not shown), irrespective of the presence of DegP in the host strain (lanes 
10  and  20).  Together  with  the  localization  of  Hbp(Δβ‐cleav)  at  the  cell  surface  (see  under 
Secretion incompetent Hbp derivatives are stuck in the outer membrane), this suggests that it is 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the  localization  of  a  Hbp  secretion  intermediate  rather  than  its  processing  per  se  that 
determines the sensitivity towards degradation by DegP. 
Together, the data demonstrate that DegP plays a pivotal, perhaps exclusive role in the 
degradation of intermediates of Hbp that fail to be translocated across the outer membrane. 
 
Secretion incompetent Hbp derivatives are stuck in the outer membrane 
As  shown  above,  the  Hbp  folding  mutants  Hbp110C/348C  and  Hbp(Calm)  accumulate  in 
unprocessed (pro‐)form in degP‐ cells. Conceivably, these mutants initiate translocation of the 
passenger unit across the outer membrane until the inflexible domain is reached that jams the 
translocator and prevents further transport.  To investigate whether this is a valid scenario, the 
outer  membrane  localization  of  Hbp110C/348C  and  Hbp(Calm)  in  the  degP‐  strain  was 
examined. Cells were lysed in a French pressure cell and centrifuged to separate soluble from 
insoluble (membrane associated or aggregated) material. The insoluble fraction was subjected 
to  isopycnic  sucrose  gradient  centrifugation  (Fig.  5).  Analysis  of  the  fractions  by 
immunoblotting  revealed  that  both  mutants  are  predominantly  found  in  the  dense  outer 
membrane  fractions.  For  reasons  that  are  unclear,  some  contamination  of  the  outer 
membrane  fractions with  inner membranes was  observed  upon  expression  of  Hbp(Calm)  as 
apparent from the presence of the inner membrane protein Leader peptidase (Lep). 
 
 
 
Fig. 5. Secretion incompetent Hbp derivatives are localized in the outer membrane. Membranes of KS476 cells 
expressing (A) Hbp(L110C/348C) or (B) Hbp(Calm) were separated by sucrose gradient centrifugation. Fractions of 
equal volume from the gradients were analyzed by SDS‐PAGE and immunoblotting using antiserum against Hbp 
(top panel). To verify the membrane separation, both the outer membrane protein TolC (center panel) and inner 
membrane protein Leader peptidase (Lep) (bottom panel) were detected in the fractions by immunoblotting. The 
pro‐form (pro) of the Hbp derivatives is indicated. 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To corroborate the outer membrane localization of Hbp110C/348C and Hbp(Calm), we 
used  an  alternative  strategy.  Cells  were  lysed  and  the  total  membranes  were  collected  by 
centrifugation.  This  fraction was  treated with  sodium  lauryl  sarcosinate  (Sarkosyl)  to  extract 
the inner membranes. Using this procedure, both mutants were almost exclusively detected in 
the  insoluble  outer  membrane  fraction  (Supplementary  Fig.  S2).  Together,  the  fractionation 
experiments  indicate  that  both  Hbp110C/348C  and  Hbp(Calm)  accumulate  in  unprocessed 
form in the outer membrane. 
If  these  mutants  are  genuine  translocation  intermediates  that  are  jammed  during 
passage of the outer membrane, it is expected that parts of the proteins are surface exposed. 
To  investigate  this  possibility,  the  localization  of  the  Hbp  derivatives  was  analyzed  by 
immunofluorescence microscopy upon expression  in degP‐  cells. Cells were grown  in minimal 
medium,  induced  for  Hbp  expression,  fixed,  and  subjected  to  indirect  immunofluorescence 
using a polyclonal antiserum directed against the Hbp passenger domain (Fig. 6). Under these 
conditions, cells are expected to remain  intact and  impermeable towards antibodies allowing 
selective labeling of surface exposed Hbp. To verify maintenance of outer membrane integrity 
during  the  labeling  procedure,  a  translocation  incompetent  mutant,  Hbp(Pass),  was 
constructed  that  lacks  the C‐terminal β‐domain and accumulates  in  the periplasmic  space of 
degP‐  cells  (data  not  shown).  Significant  labeling  of  Hbp(Pass) was  not  observed  unless  cells 
were first permeabilized upon treatment with EDTA and lysozyme (Fig. 6L vs 6N). As a positive 
control we  used  Hbp(Δβ‐cleav)  that we  expected  to  be  translocated  but  not  to  be  released 
from  the  cells,  based  on  data  described  above  under Degradation  of  secretion  incompetent 
Hbp mutants  by  the  periplasmic  protease DegP.  Indeed,  clear  circumferential  labeling  of  the 
cells was observed indicating surface exposure (Fig. 6J), as opposed to control cells that carry 
an empty vector and showed no labeling (Fig. 6B). 
Expression of wild‐type Hbp resulted  in slightly weaker circumferential  labeling of  the 
cells  (Fig.  6D).  This  is  consistent  with  previous  suggestions  that  part  of  the  Hbp  passenger 
remains bound or  rebinds  to  the  cell  surface after  translocation across  the outer membrane 
(312,  348).  Expression  of  Hbp110C/348C  resulted  in  strong  circumferential  labeling  (Fig.  6F) 
arguing  that part of  the passenger domain  is  surface exposed. Surface presentation was also 
observed  for  Hbp(Calm)  although  the  pattern  was  rather  punctuated  (Fig.  6H).  Perhaps, 
translocation of Hbp(Calm) is confined to specific areas of the outer membrane, a supposition 
that needs more testing. Importantly, the immunofluorescence data strongly suggest that the 
passenger domains of both Hbp110C/348C and Hbp(Calm) are (at least partly) exposed at the 
cell surface. 
In  conclusion,  the  localization  experiments  indicate  that  the  secretion  incompetent 
mutants Hbp110C/348C and Hbp(Calm) accumulate in the outer membrane in an unprocessed 
form with part of their passenger exposed at the cell surface and part exposed in the periplasm 
(accessible  to  DegP).  Most  likely  and  excitingly,  these  forms  therefore  represent  genuine 
translocation intermediates that got jammed during translocation across the outer membrane. 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Fig.  6.  Surface  presentation  of  Hbp 
translocation  intermediates  in  degP‐  cells. 
KS476  cells  expressing  Hbp  (derivatives)  or 
carrying  an  empty  vector  (pEH3)  were 
collected  1h  after  induction  with  200  µM 
IPTG  and  subjected  to  indirect  immuno‐
fluorescence  using  a  polyclonal  antiserum 
against  the  Hbp  passenger  and  a  Cy3‐
labeled  conjugate  (B,D,F,H,J,L,N).  In 
addition, the corresponding fields are shown 
by  phase microscopy  (A,C,E,G,I,K,M).  In  the 
case  of  Hbp(Pass),  half  of  the  cells  was 
permeabilized prior to labeling, as indicated. 
An exposure  time of 0.033  sec was used  to 
obtain  fluorescent  images,  except  for 
Hbp(Pass)  images where  0.1  sec was  used. 
The scale bar is 1 µm. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Jammed translocation intermediates remain translocation competent 
Assuming  that  Hbp110C/348C  and  Hbp(Calm)  form  translocation  intermediates  in  the  outer 
membrane,  we  wondered  if,  in  principle,  these  intermediates  were  still  translocation 
competent.  To  address  this  issue,  we  investigated  by  pulse‐chase  analysis  whether  jammed 
Hbp(Calm) intermediates in the outer membrane could be translocated upon relaxation of the 
calmodulin folding state by chelating Ca2+ with EGTA (Fig. 7). 
Hbp(Calm)  was  expressed  in  degP‐  cells  for  40 min  and  pulse‐labeled  for  5 min  with 
[35S]methionine. Then, cells were chased with cold methionine and EGTA was added to half of 
the  cultures  whereas  the  other  half  was  left  untreated.  Samples  were  taken  at  indicated 
timepoints and centrifuged to separate cell and medium fractions that were analyzed by SDS‐
PAGE and phosphorimaging  (Fig. 7). Clearly, pro‐Hbp(Calm) accumulated  in  the pulse‐labeled 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cells whereas  also  some  cleaved passenger was detected  (lane  1).  The  identity  of  the bands 
was  confirmed by  immunoprecipitation using  anti‐Hbp antibodies  (data not  shown). Most of 
the accumulated Hbp(Calm) remained stable in unprocessed form over time irrespective of the 
presence  of  EGTA  in  the  growth  medium  (lanes  2‐9).  Strikingly,  a  small  but  significant  and 
gradually increasing amount of passenger domain was detected in the medium fraction during 
chase in the presence of EGTA (lanes 15‐18). In contrast, only trace amounts of passenger were 
detected  in the medium of untreated cells  (lanes 10‐14). Addition of EGTA did not evoke the 
appearance  of  proteins  other  than  Hbp  in  the  medium  (lanes  10‐18  and  data  not  shown) 
arguing against aspecific permeabilization of the outer membrane by EGTA. To further confirm 
the integrity of the outer membrane under the experimental conditions, we repeated the pulse 
chase  procedure  using  an  Hbp  construct  that  lacks  the  C‐terminal  β‐domain.  This  construct 
accumulates as passenger in the periplasm of degP‐ cells (Fig. 6 and data not shown) and was 
retained in the cells even in the presence of EGTA (data not shown). 
Collectively,  the  data  suggest  that  a  fraction  of  the  accumulated  pro‐Hbp(Calm) 
intermediate  has  regained  translocation  competence  in  the presence of  EGTA by  adopting  a 
more flexible apo‐conformation of the calmodulin moiety allowing secretion and processing of 
the chimera. 
 
Fig.  7. Rescue of  jammed Hbp(Calm).  Pulse‐chase analysis  to monitor  secretion of  initially  jammed Hbp(Calm) 
intermediates  upon  addition  of  EGTA.  KS476  cells  harboring  pEH3‐Hbp(Calm)  were  induced  for  40  min, 
radiolabeled with [35S]methionine for 5 min and chased with cold methionine for 1 min. Then, EGTA (1 mM) was 
added to half of the cells (lanes 6‐9 and 15‐18), whereas the other half was left untreated (lanes 1‐5 and 10‐14). 
Samples were taken at indicated time points, separated in cells and spent medium and analyzed directly by SDS‐
PAGE and phosphorimaging (cell fractions; lanes 1‐9) or after TCA precipitation (medium fractions; lanes 10‐18). 
The pro‐form (pro) and passenger (pass) of Hbp(Calm) is indicated. 
 
 
Discussion 
 
Gram‐negative  bacteria  have  an  amazing  capacity  to  secrete  large  amounts  of  sizeable 
molecules  via  the  AT  pathway  (245).  Despite  its  apparent  simplicity,  many  fundamental 
questions  concerning  the  mechanism  of  AT  secretion  still  remain.  Does  the  AT  passenger 
domain  temporarily  reside  and  fold  in  the  periplasm  prior  to  translocation  across  the  outer 
membrane? What is the nature and size of the translocator in the outer membrane? Is it the AT 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β‐domain in a monomeric or multimeric conformation, or  is an external translocator involved 
such  as  the  recently  identified  Omp85  insertase  (254)?  Is  translocation  of  the  passenger 
vectorial,  from  C‐  to  N‐terminus?  How  is  translocation  energized?  Many  studies  have 
addressed  the  mechanism  of  autotransport  by  replacing  part  of  the  passenger  domain  by 
heterologous  proteins  that  are  known  to  fold  and  form  disulphide  bonds  in  the  periplasm. 
However, secretion of the chimeric ATs, sometimes expressed in heterologous host organisms, 
was  reported  to  be  variable,  leading  to  incongruent models  for AT  folding  and  translocation 
(282‐284, 286, 287, 289‐295). Therefore, we considered  it opportune to reexamine this  topic 
making  use  of  the  crystal  structure  of  the  native  E.  coli  AT  Hbp  (110  kDa)  that  we  recently 
determined, the first complete structure of a secreted AT passenger domain (Fig. 1; 256). Our 
data  provide  evidence  that  the  Hbp  passenger  domain  temporarily  resides  in  the  periplasm 
where  considerable  folding  takes  place  prior  to  translocation.  Yet,  the  intermediate  has  to 
retain a certain degree of flexibility to prevent congestion of the translocation apparatus and 
degradation by the periplasmic protease DegP. 
The  overall  structure  of  the Hbp passenger  shows  a  long  right‐handed β‐helical  stem 
with  small  loops  and  two major  domains  protruding  from  the  stem  (Fig.  1;  256). When we 
introduced  cysteines  at  positions  707  and  712  of  the  Hbp  passenger  a  disulphide  bond was 
formed  intracellularly,  tying  off  a  small  loop  that  projects  from  the  β‐helical  stem.  The 
observation  that  formation  of  this  bond  did  not  interfere  with  efficient  secretion  of  the 
passenger  unambiguously  shows  that  the  Hbp  translocator  to  some  extent  tolerates  the 
passage of  folded  structures.  Interestingly,  the  recently elucidated crystal  structure of  the β‐
domain of NalP (253), which is highly homologous to the Hbp β‐domain, shows a rather narrow 
(10‐12Å),  pore‐like  conformation  consisting  of  twelve  transmembrane  strands.  Efficient 
secretion  of  the Hbp707C/712C  passenger  and  cysteine  containing  AT  passengers  (281,  283, 
353)  is difficult  to  reconcile with  translocation  through  this narrow monomeric β‐domain via 
the  so‐called  hairpin mechanism.  In  this model,  the  C‐terminal  linker  region  inserts  into  the 
adjacent  β‐domain  as  a  transient  hairpin  structure.  The  passenger  domain  is  then  pulled 
through the translocator from the C‐ towards the N‐terminus  initiated by rapid folding of the 
autochaperone unit that is located adjacent to the linker region (262). For the Hbp707C/712C 
passenger,  this  would  imply  that  at  some  point  in  translocation  the  space  occupied  in  the 
translocator  is at  least equal  to  the  total diameter of  three bundled polypeptide chains. This 
seems  incompatible  with  the  internal  diameter  of  the  β‐domain  of  NalP  which  would  only 
allow  for  the  simultaneous  presence  of  two  polypeptide  chains  (253),  implying  that  a  larger 
pore exists during translocation of the Hbp passenger. In this respect, it should be mentioned 
that flexibility and species variation in internal diameter of AT β‐domains can not be excluded. 
Notably,  the  Hia  translocator  domain  which  is  trimeric  but  also  composed  of  twelve 
transmembrane  β‐strands  (four  strands  from  each  subunit)  and  has  the  same  external 
diameter as NalP, was shown to accommodate three α‐helices (one from each subunit) (267). 
Although  some  secondary  structure  of  the  Hbp  passenger  may  be  permitted  during 
secretion, the tolerance of the translocator towards folded elements  is  limited. Hbp(Calm),  in 
which domain 2 was replaced by calmodulin that folds into a rigid dumbbell‐shaped structure 
in the presence of Ca2+ (351, 352), was shown to accumulate in the outer membrane where it is 
partly exposed at the cell surface and vulnerable to the periplasmic protease DegP suggesting it 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becomes obstructed during translocation. This observation is in conflict with two recent studies 
in  which  fusions  of  the  ATs  EspP  and  IgA  protease  to  CtxB  and  scFv‐/VHH‐fragments, 
respectively, were reported to translocate efficiently despite evidence for folding of the fusion 
partners  in  the periplasm  (283, 284). The  reason  for  the apparent discrepancy  is unclear but 
may  relate  to  the  smaller  dimensions  of  CtxB  and  scFv‐/VHH‐fragments  [~27x35x38Å  and 
~28x30x40Å/24x26x43Å, respectively (354‐356)] compared to calmodulin [~45x45x65Å (346)]. 
Also,  these  reporter  domains  may  fold  into  a  more  relaxed  conformation  than  Ca2+‐loaded 
calmodulin.  Alternatively,  particular  characteristics  of  indidividual  ATs  may  play  a  role.  For 
instance,  the β‐domain of  IgA protease has been  reported  to  form a multimeric  ring‐shaped 
complex (297) that might accommodate larger folded structures. It is also relevant to note that 
most  of  the  passenger  domain  has  been  deleted  in  the  EspP  and  IgA  protease  constructs 
whereas  the  basic  structure  of  Hbp(Calm)  is  still  intact  which  might  preserve  the  natural 
kinetics of biogenesis (see below). 
The secretion incompability of large folded structures was corroborated by analysis of a 
paired  cysteine  mutant  (Hbp110C/348C),  in  which  cysteines  are  positioned  at  the  interface 
between  the β‐stem and  the  catalytic domain  (Fig.  1A).  Secretion of  this Hbp derivative was 
almost  completely  blocked  unless  the  host  cells  lacked  the  oxidoreductase  DsbA.  Similar  to 
Hbp(Calm), the disulphide bonded Hbp110C/348C was efficiently degraded by DegP. Only in a 
degP‐  background  significant  accumulation  of  unprocessed  Hbp  was  observed  in  the  outer 
membrane  with  at  least  part  of  the  molecule  exposed  to  the  cell  surface  as  evident  from 
immunofluorescence studies. These data support a model  in which Hbp transiently resides  in 
the periplasm where it is accessible to chaperones and folding catalysts that assist folding into 
a  protease‐resistant  structure.  Folding  of  this  large  molecule  may  be  time‐consuming  and 
requires  temporary  tethering  of  the  pro‐form  to  the  inner  membrane  by  an  unusual  signal 
peptide  that  is  used  by  Hbp  and  several  other  ATs  to  pass  the  inner membrane  (109,  280). 
Interestingly,  the  folding  intermediate  is  still  translocation  competent  unless  the  catalytic 
domain is covalently linked to the β‐stem domain. Apparently, the domains must be extricable 
or  bendable  in  order  to  be  accommodated  by  the  flexible  and/or  spacious  translocator. 
Possibly,  the  catalytic  domain  hinges  downwards  prior  to  or  during  translocation  to  be 
positioned  in  line  with  the  β‐stem  and  reduce  the  maximal  diameter  of  the  translocated 
molecule.  At  this  point,  it  is  important  to  note  that  translocation  of  such  folded  passenger 
structures is neither compatible with a monomeric β‐domain pore (283) nor with the IgA type 
multimeric  β‐domain  structure  (297)  even  when  individual  domains  can  move  without 
restraint.  Rather,  translocation  would  require  an  external  translocator  of  considerable  size 
[Omp85? (254)]. 
Alternatively,  it  is  possible  that  the  folding  step  is  followed  by  unfolding  prior  to  or 
during translocation followed by refolding at the cell surface. This seemingly complicated and 
energetically  unfavourable  mechanism  may  be  required  to  ensure  protection  of  pro‐Hbp 
against proteases in the periplasm and at the same time allow translocation through a narrow 
outer  membrane  pore.  In  both  scenarios,  the  disulphide  bond  in  Hbp110C/348C  or  the 
calmodulin domain in Hbp(Calm) is expected to obstruct the translocation channel and prevent 
further transport. More paired cysteine mutants are required to assess the extent of folding in 
the  periplasm.  It  is  a  formal  possibility  that  different  folding  states  are  sampled  in  the 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periplasm  resulting  in  disulphide  bond  formation  between  cysteines  irrespective  of  their 
position. However, the efficiency of the disulphide bond formation in Hbp110C/348C, together 
with  data  obtained  with  other  paired  cysteine  mutants  (data  not  shown)  suggest  that 
disulphide bond formation is a valuable marker to monitor folding of the Hbp passenger and its 
consequences for translocation. 
In  support  of  the  above model,  it  seems  likely  that  in  the periplasm  calmodulin  does 
fold  in  the  absence  of  Ca2+,  but  into  a  more  relaxed  conformation  (351,  352)  that  is  still 
compatible  with  translocation.  Interestingly,  the  Ca2+‐dependent  obstruction  of  the 
intermediate  is  in  principle  reversible.  Chelating  the  Ca2+  from  a  jammed  translocation 
intermediate  in  the outer membrane partly  rescues  secretion of  the  chimeric Hbp  indicating 
that Hbp domains in the periplasm can remain translocation competent for prolonged times. 
In view of  the size and complexity of  the Hbp molecule,  it  is  conceivable  that general 
periplasmic  chaperones  assist  in  folding  and/or  protection  against  proteolysis.  Although  our 
study  does  not  address  this  issue  directly,  the  chaperone/folding  catalyst  DsbA  and  the 
chaperone/protease DegP are not required for efficient expression and secretion of wild‐type 
Hbp. In contrast, DegP appeared dispensable for surface expression of the Shigella flexneri AT 
IcsA  (357).  Notably,  DegP  does  play  a  pivotal  role  in  the  quality  control  of  Hbp,  efficiently 
degrading mutant Hbp derivatives  that  are  hampered  in  their  translocation  across  the  outer 
membrane. 
Excitingly,  Hbp110C/348C  and  Hbp(Calm)  accumulate  in  the  outer  membrane  with  a 
surface  exposed  domain  and  a  periplasmic  domain  arguing  that  they  represent  passenger 
domains  that  are  ‘caught  in  the  act  of  translocation’.  Although  the  exact  topology  of  the 
intermediates  remains  to  be  determined,  it  seems  most  likely  that  the  C‐terminus  of  the 
passenger  is  surface exposed  in support of  the hairpin model.  In any case,  the  intermediates 
provide a unique opportunity to determine the structure and composition of the translocator 
in action.  
 
 
Experimental procedures 
 
Strains and Media 
Strains DHB4, DHBA (dsbA::Km) and KS476 (degP::Km) are E. coli MC1000 derivatives and have 
been described previously (194, 342). Unless stated otherwise, cells were grown at 30°C in M9 
medium  (325)  containing  0.1%  casaminoacids  (Difco,  Detroit,  MI,  USA)  and  0.2%  glucose. 
Overnight cultures were grown with 0.4% glucose. When appropriate, streptomycin (30 µg/ml), 
kanamycin (30 µg/ml) and chloramphenicol (20 µg/ml) were added to the medium. 
 
Reagents, Enzymes and Sera 
Restriction enzymes, T4‐DNA ligase and Lumi‐Light Western blotting substrate were purchased 
from  Roche  Applied  Science.  Pfu‐Ultra  DNA  Polymerase  was  obtained  from  Stratagene, 
[35S]Methionine  from  Amersham  Biosciences  and  [14C]NEM  from  PerkinElmer.  All  other 
chemicals were supplied by Sigma‐Aldrich. Antisera against Hbp(J40), OmpA and Lep were from 
our  own  collection.  The  antisera  against  TolC  and  DegP  were  kind  gifts  from  V.  Koronakis 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(University  of  Cambridge,  Cambridge,  UK)  and  J.  Beckwith  (Harvard Medical  School,  Boston, 
USA),  respectively.  The  Cy3  conjugated  donkey  anti‐rabbit  antibody  was  from  Jackson 
ImmunoResearch. 
 
Plasmid construction 
Hbp and its derivatives were expressed from vector pEH3 (358). Details on the construction of 
plasmids used in this study can be found in Supplementary Experimental procedures.  
 
Derivatization with [14C]NEM 
Cells  from  overnight  cultures  were  washed  with  in  M9  medium  containing  a  cysteine‐  and 
methionine‐free amino acid mix and 0.2% glucose, and subsequently resuspended and grown 
in the same medium. When cultures reached early  log‐phase, expression of Hbp(‐derivatives) 
was induced with 1 mM IPTG. Spent medium samples were collected 90 min after induction. Of 
each sample, one half was directly subjected to derivatization with [14C]NEM whereas the other 
half was left untreated. For derivatization, 1 ml of medium was treated with 27 µM [14C]NEM 
and  incubated  at  30°C  for  30  min.  After  addition  of  500  µl  of  quench  buffer  (Tris‐HCl, 
pH7.5/150  mM  NaCl/10mM  NEM),  the  mixture  was  incubated  at  30°C  for  another  5  min. 
Samples  (treated and untreated) were subjected to TCA precipitation and analyzed by 4‐12% 
NuPAGE/MOPS (Invitrogen).  
 
Membrane separation by sucrose gradient centrifugation 
Cells were  induced with  200 µM of  IPTG when  cultures  reached  an OD660  of  ~0.3  and were 
harvested 1h after induction. Membranes were isolated from ~300 OD660 units of cell material 
and  separated  into  inner  and outer membranes by  isopycnic  sucrose  gradient  centrifugation 
essentially  as  described  (359),  with  the  following  modifications:  dithiothreitol  and  ethylene 
diamine tetraacetic acid (EDTA) were omitted from all buffers and phenyl methane sulphonyl 
fluoride  (PMSF)  was  substituted  by  Complete  EDTA‐free  protease  inhibitor  (Roche  Applied 
Science).  Furthermore,  sucrose  gradients  were  centrifugated  for  20h  at  25,000  rpm  using  a 
TFT41.14 rotor (Kontron Instruments). Fractions withdrawn from the gradients were analyzed 
by 11% SDS‐PAGE and immunoblotting. 
 
Indirect immunofluorescence microscopy 
All  procedures  were  carried  out  as  described  (360)  except  that  for  non‐permeabilized  cells 
treatment  with  Triton  X‐100,  EDTA  and  lysozyme  was  omitted.  Furthermore,  cells  were 
incubated with a polyclonal primary antibody against the Hbp passenger and a Cy3 conjugated 
donkey anti‐rabbit secondary antibody. 
 
Pulse‐chase analysis 
Cells from overnight cultures were resuspended in fresh medium and grown to an OD660 of 0.4. 
Then,  cells  were  washed  and  resuspended  in  M9  medium  containing  a  cysteine‐  and 
methionine‐free  amino  acid  mix  and  0.2%  glucose.  After  recovery  for  15  min,  cells  were 
induced with 1 mM IPTG for 40 min, subsequently labeled with 10 µCi/ml [35S]methionine for 5 
min and chased with 2 mM cold methionine. After 1 min, EGTA (1 mM) was added to half of 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the  cells  whereas  the  other  half  was  left  untreated.  Samples  were  taken  at  indicated  time 
points and  immediately added to an equal volume of  ice‐cold M9 medium to stop the chase. 
Samples were then separated in cells and spent medium by centrifugation at 4 °C for 5 min at 
8,000xg  and  analyzed  directly  by  9%  SDS‐PAGE  and  phosphorimaging  (cells)  or  after  TCA 
precipitation (medium fractions).    
 
Sample analysis 
SDS‐PAGE  gels were  stained with Coomassie  Brilliant  Blue G  (Janssen Chimica).  Radiolabeled 
proteins  were  visualized  by  phosphorimaging  using  a  Molecular  Dynamics  PhosphorImager 
473.  Gels  containing  [14C]NEM  derivatized  proteins  were  immersed  in  Amplify  solution 
(Amersham) prior to phosphorimaging. 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Supplementary Figure S1 
 
Fig. S1. Secreted Hbp707C/712C contains a disulphide bridge. Cultures of DHB4 cells expressing either Hbp or 
Hbp707C/712C were treated with 100 mM iodoacetamide 2h and 45min after induction with IPTG. Cultures were 
directly chilled on ice after which spent medium was isolated and subjected to TCA precipitation. TCA pellets were 
suspended  in  non‐reducing  SDS‐PAGE  sample  buffer  containing  50  mM  iodoacetamide,  boiled  for  5  min  and 
resolved by non‐reducing 12% NuPAGE/MOPS (Invitrogen). After staining with SimplyBlue SafeStain (Invitrogen), 
the appropriate protein bands were cut out of gel and treated with trypsin. The generated peptides were mixed 
with  α‐cyano‐4‐hydroxy‐cinnamic  acid  matrix  and  spotted  on  a  target  for  MALDI‐TOF  peptide  mass 
fingerprinting. An intense peak with an m/z value of 2391 was detected in trypsin digest of the mutant, but not in 
the  digest  of  the  wild  type  protein  (not  shown).  We  hypothesized  that  the  peak  corresponded  to  the  tryptic 
peptide  691NDGQGTAFTLEEGTSVCTKDACK713  (m/z  2374)  in which  trypsin  had  also  cleaved  between  positions 
709 and 710, but the two resulting peptides were covalently connected by a disulphide bridge between the two 
cysteines. The m/z value of the resulting molecule is 2374 +18 (hydrolysis by trypsin at position 709) ‐2 (disulphide 
formation) + 1  (proton addition,  single  charge) = 2391.  This was unambiguously  confirmed by MALDI‐TOF‐TOF 
tandem mass spectrometry  (see figure). A  large series of y‐ions was found (ranging from y7 to y21) confirming 
the  presence  of  the  amino  acid  sequence  691NDGQGTAFTLEEGTSV706.  y‐ions  below  y7 were  not  found,  likely 
because  the disulphide bond caused anomalous/reduced  fragmentation. The smallest y‐ion  (y7)  corresponds  to 
the  C‐terminus  of  the  molecule,  consisting  of  the  two  peptides  707CTK709  and  710DACK713  linked  by  the 
disulphide  bridge  (m/z  784.4  for  the  protonated molecule).  The  two  peaks  labeled with  the  asterisk were  not 
assigned. 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Supplementary Figure S2 
 
 
Fig.  S2.  Subcellular  localization  of  secretion  incompetent  Hbp  derivatives.  KS476  cells  expressing  either  Hbp, 
Hbp110C/348C, Hbp(Calm) or Hbp(Δβ‐cleav) were fractionated. The following fractions were obtained: total cells 
(T),  soluble  fraction  (S),  total membranes  (M),  inner membranes  (IM)  and  outer membranes  (OM).  Cells were 
chilled on ice 1h after induction with 1 mM IPTG, collected by centrifugation, and broken in a French pressure cell 
to obtain a total cell lysate. Unbroken cells and debris were removed by centrifugation at 5,000xg for 5 min. The 
total membrane  fraction was  collected by ultracentrifugation.  The  resulting  supernatant  fraction was  taken as 
the soluble protein fraction. To separate the inner membranes from the outer membranes, the total membrane 
fraction  was  treated with  0.5%  Sarkosyl  as  described  previously  (361).  Samples  of  the  fractions,  derived  from 
equal amounts of  cell material, were analyzed by  SDS‐PAGE and  immunoblotting using antiserum against Hbp 
(top  panel).  To  verify  the membrane  separation,  both  the  inner membrane  protein  Lep  (center  panel)  and  the 
outer membrane protein OmpA (bottom panel) were detected in the fractions by immunoblotting. The pro‐form 
(pro) and passenger (pass) of the Hbp derivatives are indicated. 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Supplementary Experimental procedures 
 
Plasmid construction 
To create pEH3‐Hbp, the hbp gene was amplified by PCR using pACYC‐Hbp (348) as a template. 
The  primers  used  were  pEH‐XbaI‐Hbp_fw  (5’‐taactttctagattacaaaacttaggagggtttttaccatgaaca 
gaatttattctcttcg‐3’; XbaI  site  in boldface, pEH3 Shine‐Dalgarno  sequence underlined, and hbp 
initiation  codon  in  italics)  and  Hbp‐EcoRI‐rv  (5’‐tgcagaattctca  gaatgaataacgaatattag‐3’;  EcoRI 
site in boldface). Subsequently, the amplified product was cloned into the XbaI/EcoRI sites of a 
modified version of pEH3 (358) that contains an XbaI recognition sequence 24 bp upstream of 
the NcoI recognition sequence, resulting in pEH3‐Hbp. 
  To generate the cysteine mutants pEH3‐Hbp110C, pEH3‐Hbp348C, pEH3‐Hbp110C/348C 
and  pEH3‐Hbp707C/712C,  plasmid  pEH3‐Hbp  was  mutated  using  nested  PCR,  essentially  as 
described (139). For introduction of Cys110, the primers used were HbpL110C_fw (5’‐ggctggataa 
atgcgtgacagagg‐3’; Cys110  codon underlined)  and HbpL110C_rv  (5’‐cctctgtcacgcatttatccagcc‐3’; 
Cys110 codon underlined). For introduction of Cys348, the primers used were HbpG348C_fw (5’‐
ggctggataaatgcgtgacagagg‐3’; Cys348 codon underlined) and HbpG348C_rv (5’‐cctctgtcacgcattta 
tccagcc‐3’;  Cys348  codon  underlined).  Mutations  to  introduce  Cys707  and  Cys712  were 
incorporated  in one  single primer pair: Hbp707C/712C_fw  (5’‐gcacatctgtttgcactaaagatgcatgca 
aaagtgtcttc‐3’;  Cys707  codon  underlined,  Cys712  codon  in  boldface)  and Hbp707C/712C_rv  (5’‐
gaagacacttttgcatgcatctttagtgcaaacagatgtgc‐3’;  Cys707  codon  underlined,  Cys712  codon  in 
boldface).  
  Plasmid  pEH3‐Hbp(Δdom2)  was  created  by  substitution  of  the  Hbp‐domain‐2‐coding 
sequence  for  a  XhoI‐SacI‐HindIII‐NcoI  linker  sequence  via  nested  PCR  using  pEH3‐Hbp  as  a 
template  and  HbpGDELpoly_fw  (5’‐ctcgaggagctcaagcttccatggaatactgcagggtatctgtttc‐3’,  linker 
sequence  underlined)  and  HbpGDELpoly_rv  (5’‐ccatggaagcttgagctcctcgagggcatagtccagcgtgata 
gtg‐3’; linker sequence undelined) as mutagenesis primers. Subsequently, pEH3‐Hbp(Calm) was 
constructed  as  follows.  First,  a  PCR  fragment  was  generated  encoding  human  calmodulin  3 
without  its  stop‐codon,  flanked  by  Pro‐Gly‐Gly  spacers  and  restriction  sites.  In  this  reaction, 
plasmid pASKInt100‐Cal (350) served as a template and the primers used were XhoI/SacI/PGG‐
Calm_fw  (5’‐gtactctagactcgaggagctccccggcgggatggctgatcagctgaccgaagaac‐3’;  SacI  site 
underlined, pro‐gly‐gly spacer in italics) and NcoI/HindIII/PGG‐Calm_rv (5’‐gtacagg cctccatggaa 
gcttggggcccccctttgcagtcatcatctgtacaaac‐3’; HindIII site underlined, pro‐gly‐gly spacer in italics). 
This  fragment  was  cloned  into  the  SacI/HindIII  sites  of  pEH3‐Hbp(Δdom2),  giving  pEH3‐
Hbp(Calm). 
  Plasmid  pEH3‐Hbp(Δβ‐cleav) was  generated  via  nested  PCR  replacing  residues Asn1100 
and Asn1101 (calculated from Meth1 of the pre‐proHbp), constituting the cleavage site between 
the Hbp passenger and β‐domain, by a Gly and Ser residue respectively. In this reaction pEH3‐
Hbp  served  as  the  template  and  primers  used  were  Hbp‐delβcleav_fw  (5’‐catcactgaag 
ttggatccctgaacaaacg‐3’,  Gly‐Ser  codons  underlined)  and  Hbp‐delβcleav_rv  (5’‐cgtttgt 
tcagggatccaa cttcagtgatg‐3’, Gly‐Ser codons underlined). 
Plasmid  pEH3‐Hbp(Pass)  expressing  a  truncated  version  of  Hbp  lacking  the β‐domain 
was  constructed  as  follows:  First,  to  introduce  a  stop‐codon  and  HindIII  restriction  site 
downstream  of  the  Hbp  passenger  coding  sequence,  a  PCR  fragment  was  generated  using 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pEH3‐Hbp  as  a  template  and  the  primers  Hbp2734‐2751_fw  (5’‐cagatgttgtacagcctg‐3’)  and 
HindIII‐Hbp_rv (5’‐ctagaagcttcagttaacttcagtgatgaagttg‐3’, HindIII site underlined, stop‐codon in 
boldface).  Subsequently,  the  fragment  was  cloned  into  a  modified  version  of  pEH3‐Hbp 
carrying  a  HindIII  site  downstream  of  hbp,  using  the  KpnI/HindIII  restriction  sites,  thereby 
removing the Hbp β‐domain coding sequence from pEH3‐Hbp. Nucleotide sequences were all 
confirmed by semi‐automated DNA sequencing. 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1. Introduction 
 
All cells have mechanisms to deliver proteins from the cytoplasm at their final destination.  In 
bacteria,  proteins  destined  for  extracytoplasmic  locations  are  often  synthesized  with  a 
cleavable N‐terminal signal peptide that directs their transport across the inner membrane (IM) 
through  interactions  with  soluble  cytoplasmic  targeting  factors  and  membrane  associated 
receptors. Subtle differences in the composition of signal peptides determine which targeting 
pathway is used to reach the IM and via which IM translocation machinery the protein leaves 
the  cytoplasmic  environment.  Yet,  growing  evidence  indicates  that  some  signal  peptides 
contain even more information and are also involved in protein transport at stages other than 
targeting and translocation (see below). The work described in this thesis provides more insight 
into  signal  peptide‐mediated  protein  transport  via  the  twin‐arginine  translocation  (Tat)  and 
autotransporter (AT) pathways of Escherichia coli. 
 
 
2. Molecular interactions of Tat signal peptides 
 
The Tat pathway of E.  coli  is dedicated  to  the export of  folded proteins  from  the  cytoplasm. 
Substrates of this pathway are synthesized with a signal peptide that carries a highly conserved 
(S/T)‐R‐R‐x‐F‐L‐K  consensus  sequence  (6).  Information  about  the  molecular  interactions 
encountered by these signal peptides prior to export was, and still is, limited. The experiments 
described in chapter 2 were designed to identify targeting factors or escort proteins involved in 
the Tat targeting process. 
The molecular contacts of the signal peptides of two unrelated nascent Tat substrates 
(TorA and SufI) in the E. coli cytoplasm were analyzed using an unbiased in vitro translation and 
photo‐crosslinking approach. It was shown that the SufI signal peptide is in the direct vicinity of 
the  ribosomal  subunits  L23  and  L29 upon emergence  from  the  ribosome,  indicating  that  Tat 
substrates  leave  the  ribosome via  the major  ribosomal exit  site  (99).  Furthermore, Tat  signal 
peptides appeared in contact with trigger factor (TF), a ribosome bound chaperone (174, 175, 
362)  that  is  positioned  close  to  the  ribosomal  exit  site  through  an  interaction with  L23  (99, 
179). Since the contact with TF was virtually exclusive and persisted until the release of a Tat 
substrate  from  the  ribosome,  we  considered  the  possibility  that  TF  has  a  role  in  the  Tat 
targeting  process.  Previous  studies  had  suggested  a  role  for  TF  in  controlling  the  entry  of 
secretory proteins in targeting pathways to the Sec translocon (100, 103) or the prevention of 
unproductive  interactions of  ribosomes with  the Sec  translocon  (115, 180, 186). Therefore, a 
discriminatory role for TF in transport pathway selection of Tat substrates seemed conceivable. 
Also  plausible  seemed  a  role  for  TF  in  the  prevention  of  untimely  interactions  of  Tat  signal 
peptides  with  the  Tat  translocation  machinery.  However,  in  vivo  analysis  revealed  that  the 
efficiency and kinetics of export of SufI were not significantly affected by the overproduction or 
absence  of  TF  (chapter  2),  arguing  against  an  important  function  for  TF  in  the  Tat  export 
mechanism. Consistent with our data, a recent study showed that export of a Tat‐dependent 
TorA signal peptide‐GFP fusion construct proceeds unaffected in a strain deficient of TF (363). 
Most likely, TF interacts with the signal peptides of nascent Tat substrates by default due to its 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position  near  the  ribosomal  exit  site.  Consistently,  recent  crosslinking  experiments  by  Ullers 
and co‐workers suggested that TF is adjacent to all tested nascent polypeptides that protrude 
from  the  major  ribosomal  exit  tunnel  (180).  It  should  be  emphasized  that  the  experiments 
presented in this thesis were focused on investigating a possible role for TF in Tat targeting and 
export.  The data do not  exclude  the possibility  that  TF,  a  chaperone and  folding  catalyst  for 
newly synthesized proteins (167), has a significant  influence on the folding and activity of Tat 
substrates. 
 
In  recent  studies,  several  Tat  substrates  were  shown  to  interact  with  cytosolic 
chaperones during the early steps of biogenesis. One of these chaperones is DnaK, which has 
been  reported  to  bind  Tat  substrate  precursors  and  synthetic  Tat  signal  peptides  (318,  363, 
364). However, despite using an aselective photo‐crosslinking technique, we have been unable 
to demonstrate  interactions of DnaK with Tat signal peptides. This might be explained by the 
use of both short and nascent constructs  in our experiments.  In vivo analysis has shown that 
DnaK is important for the export of a few Tat‐dependent proteins. However, its role appeared 
to relate to stabilization of the mature domain of these proteins and was not governed by a Tat 
signal peptide (363, 364). Therefore, the significance of the reported interactions of DnaK with 
Tat signal peptides remains unclear. Of note, DnaK dependency is not a general feature in the 
Tat pathway as several Tat substrates are efficiently exported in strains lacking DnaK and DnaJ 
(chapter 2; 364). 
Many substrates of the Tat pathway must oligomerize or  incorporate a co‐factor prior 
to  export  (29,  187‐190).  Following  the  study  presented  in  chapter  2,  Sargent  and  coworkers 
demonstrated the existence of a ‘proofreading’ mechanism that coordinates the assembly and 
transport  of  complex  Tat  substrates.  Central  to  this  mechanism  is  the  binding  of  Tat  signal 
peptides  to  a  cognate  chaperone, which  is  thought  to prevent  targeting  to  the  translocation 
machinery until assembly of  the Tat  substrate has been completed  (365, 366). The paradigm 
‘Tat  proofreading  chaperone’  is  TorD,  which  specifically  binds  to  the  signal  peptide  of  TorA 
(365,  366).  Other  examples  include DmsD  that  specifically  binds  the  signal  peptide  of  DmsA 
(318,  367,  368)  and HybE  that  specifically  interacts with  the  small  subunit  of  hydrogenase‐2 
(366, 369).  In  light of  this  recent output  it may  seem surprising  that  crosslinking of  the TorA 
signal  peptide  to  TorD  was  not  observed  in  our  experiments  despite  the  employment  of  a 
chemically  aselective  photo‐crosslinking  approach.  However,  it  has  been  shown  that 
expression of the torCAD operon that encodes TorD is not constitutive but is strictly controlled 
by the presence of trimethylamine oxide (TMAO), the natural substrate of TorA (370, 371). This 
compound  was  not  present  in  our  experimental  system,  which may  explain  the  absence  of 
crosslinking to TorD.   Based on the  identification of signal peptide binding chaperones  it was 
recently proposed  that  Tat  signal  peptides  can be divided  into  two  classes  (372).  Class 1  Tat 
signal peptides are those signal peptides that are associated with complex co‐factor containing 
proteins.  These  signal  peptides  would  have  a  dual  functionality  and  operate  both  as  the 
principle binding sites  for  ‘proofreading chaperones’ before export and, through their affinity 
for  the Tat  translocon, as bona  fide  Tat export  signals. More  than one  third of  the Tat  signal 
peptides  are  likely  to  fall  into  this  category  (43).  Examples  of  this  class  include  the  signal 
peptides  of  TorA, DmsA  and  the  small  subunit  of  the hydrogenase‐
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lack any known or predicted chaperone binding function and are involved solely in targeting to 
and  recognition  by  the  Tat machinery.  Examples  of  this  class  include  the  signal  peptides  of 
cofactor‐less Tat substrates such as SufI. 
 
 
3. Signal peptide‐mediated transport via the autotransporter pathway 
 
Many proteins secreted by Gram‐negative bacteria belong to the autotransporter (AT) family. 
ATs  are  synthesized  as  precursors  comprising  three  functional  domains:  (i)  the  N‐terminal 
signal peptide that mediates targeting to and initiation of transfer across the Sec translocon in 
the IM, (ii) the secreted passenger domain that carries the actual effector function of the AT, 
and (iii) the β‐domain at the C‐terminus that mediates translocation of the passenger domain 
across  the  outer  membrane  (OM)  (5).  The  experiments  presented  in  chapters  3‐5  provide 
insight  into  the  biogenesis  of  the  AT  hemoglobin  protease  (Hbp),  from  its  synthesis  in  the 
cytoplasm to its translocation across the OM. 
 
3.1. Inner membrane targeting 
Many ATs (including all members of the SPATE subfamily) are synthesized with unusually long 
signal peptides that carry a conserved N‐terminal extension that  is ~25‐amino‐acids  in  length 
(245, 277).  It has been shown that these signal peptides direct targeting to and translocation 
across  the  Sec  translocon  in  the  IM  (109,  269,  278).  However,  the  mode  of  IM  targeting 
specified  by  these  signal  peptides  (co‐  or  post‐translational),  and  the  role  the  conserved 
extension  plays  in  this  process,  are  subject  to  controversy  (see  below).  Sijbrandi  and  co‐
workers demonstrated  that  the SPATE Hbp  interacts with  the  targeting  factor SRP  (for  signal 
recognition particle) in vitro and can make facultative use of either the SRP or SecB pathway for 
IM  targeting  in  vivo  (109).  The  finding  that  SRP  plays  a  role  in  the  targeting  of  Hbp  is 
remarkable  as  this  targeting  factor  has  a  preference  for  strongly  hydrophobic  targeting 
sequences  (104, 106), whereas Hbp contains a moderately hydrophobic  signal peptide  (245). 
For  this  reason,  it  was  speculated  that  the  N‐terminal  extension  of  the  Hbp  signal  peptide 
supports binding of SRP (109). 
In chapter 3, the role of the conserved extension in targeting of Hbp was investigated. 
In  the  absence  of  the  extension,  signal  peptide  processing  and  secretion  of  Hbp  proceeded 
unaffected, indicating that the extension is dispensable for IM targeting and translocation. This 
is consistent with other studies that showed that the N‐terminal extension is not required for 
IM  translocation  of  ATs  per  se  (137,  279,  280,  328).  To  investigate  whether  the  N‐terminal 
extension  is  involved  in binding of  SRP  to  the Hbp  signal  peptide,  an  in  vitro  translation and 
crosslinking  assay  was  employed.  The  data  suggested  that  the  extension  is  not  critical  for 
binding of the SRP to the Hbp signal peptide and is not directly involved in the recruitment of 
SRP. A stimulatory role for the extension in binding of SRP to the core of the Hbp signal peptide 
was  also  not  supported  by  the  experiments.  Taken  together,  the  crosslinking  experiments 
suggested that the N‐terminal extension is not required for the interaction of the SRP with the 
Hbp  signal  peptide.  The  role  of  the  extension was  also  analysed  in  vivo.  In  cells  that  lacked 
SecB, an Hbp derivative  lacking the extension retained the ability to use the SRP pathway for 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targeting,  consistent  with  the  results  of  the  crosslinking  analysis.  Collectively,  the  data 
presented in chapter 3 indicated that the N‐terminal extension of the Hbp signal peptide is not 
involved  in  targeting  pathway  selection.  In  agreement  with  this  conclusion,  recent  studies 
suggest  that  the  conserved  extension  of  AT  signal  peptides  plays  a  role  in  regulating  the 
translocation kinetics of ATs across the inner membrane, rather than directing a specific mode 
of membrane targeting or translocation (279, 280, 328). 
 
Controversy exists about the mode of targeting used by AT proteins to reach the IM. A number 
of  ATs  and  one  TpsA  protein  have  been  suggested  to  use  a  strictly  SRP‐independent,  post‐
translational  route  to  the  Sec  translocon  (137,  269,  278,  279,  328)  while  Sijbrandi  and  co‐
workers presented evidence  that Hbp  can make use of  the  SRP pathway  for  targeting  (109). 
This latter finding was criticized by a number of researchers (e.g. 5, 250, 278, 328). The major 
criticism  concerned  the  use  of  in  vivo  SRP  depletion  experiments  to  study  the  targeting 
requirements of Hbp because depletion of SRP may also affect the IM insertion of the essential 
translocon  component  SecY.  Importantly,  in  chapter  3  in  vivo  evidence  for  SRP‐mediated 
targeting of Hbp  is  provided  that does not  rely on  SRP depletion experiments.  It was  shown 
that  the  export  of  an  Hbp  derivative  that  carried  the  signal  peptide  of  a  SecB‐dependent 
protein was dramatically affected in cells deficient for SecB, whereas export of wild‐type Hbp 
was not affected under these circumstances. The latter observation is explained by the ability 
of Hbp to use the SRP pathway for targeting. Furthermore, preliminary experiments in which a 
panel of  different  signal  peptides was  fused  to  the Hbp passenger domain  showed  that Hbp 
biogenesis and secretion was optimal when carrying an SRP binding signal peptide combined 
with an N‐terminal extension (our unpublished data). These data emphasize the significance of 
our findings concerning SRP‐mediated targeting of Hbp (109; chapter 3). 
The origin of the discrepancy between Hbp and the other ATs regarding their mode of 
targeting to the IM is unclear. As discussed in chapter 3, small structural differences between 
the  signal  peptides  of  the  respective  ATs  may  be  influential  in  this  respect.  For  example, 
bioinformatics analysis of the hydrophobicity of AT signal peptides showed that the core of the 
Hbp signal peptide  is  slightly more hydrophobic  than  that of other  tested ATs  (chapter 3).  In 
principle, this makes the Hbp signal peptide a more favorable target for SRP (36, 103‐106, 111). 
Nonetheless,  it  should  be  stressed  that  the  separation  between  ATs  that  can  use  the  SRP 
pathway for targeting and those that depend on the SecB pathway may not be so stringent. For 
instance, Hbp requires the SRP pathway for optimal targeting and secretion, but in principle it 
can use both the SRP and SecB pathway with similar efficiencies (109; chapter 3). Furthermore, 
minor changes that only slightly affected the hydrophobicity or charge of the signal peptide of 
the  AT  EspP  appeared  sufficient  to  tip  the  balance  from  a  SecB‐dependent  to  an  SRP‐
dependent mode of  targeting  (Peterson,  2003). Also,  it  is worth noting  that  the  strictly  SRP‐
independent character of other ATs was based on studies that relied on chimeric and truncated 
constructs  or  were  carried  out  in  a  heterologous  host  organism  (137,  269,  278,  279,  328). 
These  factors  could  influence  the mode of  IM  targeting.  Indeed, where  a  chimeric  construct 
carrying  the  signal  peptide  of  EspP  showed  a  strict  dependency  on  the  SecB  pathway  for 
targeting, full‐length EspP seems to possess the ability to make use of both the SecB and SRP 
pathway for targeting, similar to Hbp (278). 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3.2. Passage of the inner membrane; the role of YidC 
It has been proposed that the extended signal peptides that are found in a large subset of ATs 
influence the rate of  IM translocation  (279). Recent work suggested that  these peptides may 
transit  through  the  Sec  translocon  relatively  slowly  and  transiently  tether  the  AT  to  the  IM 
(280, 328). Intriguingly, this later phenomenon seems required to prevent misfolding of an AT 
passenger domain  in the periplasmic space (280). These data suggest that ATs may follow an 
atypical route through the Sec translocon. This possibility was investigated in chapter 4, using 
Hbp as a model protein.  
An  in  vitro  translation  and  crosslinking  approach  was  used  to  analyze  the  molecular 
contacts of the Hbp signal peptide during membrane insertion. Surprisingly, site‐specific photo‐
crosslinking revealed that the hydrophobic core of the signal peptide interacts with YidC during 
the early stages of membrane insertion. YidC is an accessory component of the Sec translocon 
that has been  implicated  in the biogenesis of  integral  inner membrane proteins (IMPs)  (140). 
Previously,  it  has been  shown  that   Hbp crosslinks  to  SecY/SecA  in  the  IM and  to SRP  in  the 
cytosol  (chapter 3,  (109). Hence,  the molecular environment of Hbp during  targeting and  IM 
insertion is similar to that of IMPs (104, 139, 341). Work by Shimohata and co‐workers showed 
that  mutations  in  secY  that  impair  the  integration  function  of  the  Sec  translocon  can  be 
separated  from  those  impairing  the  export  function,  suggesting  the  existence  of  different 
‘pathways’  through  the  translocon  for  IMPs  and  secretory  proteins  (149,  336).  Based on  the 
abovementioned  crosslinking  data,  Hbp  may  follow  a  route  through  the  translocon  that  is 
normally  used  by  IMPs.  In  future  experiments  this  hypothesis  will  be  tested  by  analyzing 
whether  the  export  of  Hbp  exhibits  a  similar  spectrum  of  dependence  on  different  secY 
mutations as the membrane insertion of IMPs. 
To  investigate  whether  crosslinking  of  the  Hbp  signal  peptide  to  YidC  is  functionally 
relevant,  the  role  of  YidC  in  the  biogenesis  of  Hbp  was  analyzed  in  vivo.  Depletion  of  YidC 
resulted in a reduced expression of Hbp, pointing to a role for YidC in Hbp biogenesis. Using an 
E. coli strain that allows depletion of YidC in a ΔdegP genetic background it was found that in 
the  absence  of  YidC  intermediates  of  Hbp  accumulate  in  the  periplasmic  space  that  are 
secretion incompetent and sensitive to degradation by the protease DegP. In chapter 5 it was 
shown that folding mutants of Hbp that cannot pass the OM are degraded in the periplasm by 
DegP. Based on  the data presented  in  chapter  4  and 5 we propose  that  YidC  is  required  for 
proper folding of Hbp in the periplasm into a secretion competent conformation. Conceivably, 
degradation  of  secretion  incompetent  Hbp  intermediates  upon  depletion  of  YidC  is  the 
consequence of  their  prolonged presence  in  the periplasm. Alternatively,  degradation of  the 
intermediates  might  be  the  result  of  misfolding  into  a  conformation  that  is  both  secretion 
incompetent and sensitive to DegP. 
YidC  is  synthesized with a  large periplasmic domain P1  (338) of unknown  function.  In 
chapter 4,  it was  investigated whether  this domain  is  critical  for proper Hbp biogenesis. This 
appeared not to be the case as a mutant of YidC lacking most of the P1 domain (residues 44‐
243)  sustained proper biogenesis and secretion of Hbp.  Interestingly,  two very  recent  crystal 
structures  revealed  that  domain  P1  exhibits  a  conserved  elongated  cleft  (164,  165).  In  the 
crystal, the cleft  is occupied by a polyethylene glycol (PEG) molecule from the buffer solution 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suggesting it has an unfolded polypeptide chain as its natural ligand (165). Comparison of the 
crystal structures with the abovementioned YidC mutant showed that deletion of residues 44‐
243 leaves approximately one third of the binding cleft sequence intact, including three (out of 
5) residues that interact directly with the PEG molecule. Although unlikely, this residual part of 
P1 may sustain proper biogenesis of Hbp. Therefore, experiments with a YidC derivative lacking 
the complete binding cleft are required to unequivocally prove whether or not domain P1 plays 
a role in Hbp biogenesis. 
 
The  work  presented  in  chapter  4  shows  that  YidC  is  involved  in  the  biogenesis  of  the 
autotransporter  Hbp  en  suggest  that  it  is  required  to  prevent  misfolding  of  Hbp  in  the 
periplasmic  space.  However,  several  questions  still  remain.  What  is  the  mechanism  of  YidC 
functioning in the biogenesis of Hbp? Is YidC more generally involved in the biogenesis of ATs? 
Is the unusual Hbp signal peptide a determinant for YidC dependency?    
The  mechanism  by  which  YidC  influences  the  biogenesis  of  Hbp  is  not  clear.  As 
mentioned above,  transient  tethering of  the  signal peptide  to  the  IM has been  suggested  to 
prevent misfolding of AT passengers in the periplasmic space (280). Conceivably, YidC mediates 
slow release of Hbp from the IM, possibly via a prolonged interaction with the signal peptide. 
Indeed,  extensive  crosslinking  of  YidC  was  observed  to  the  signal  peptide  of  nascent  Hbp 
(chapter  4).  Crosslinking  experiments  with  longer  Hbp  constructs  could  reveal  whether  the 
contact with YidC persists  throughout the whole  IM translocation process. Alternatively, YidC 
may briefly prevent access of Hbp to the signal peptidase, which would result  in anchoring of 
the  signal  peptide  in  the  IM.  In  this  case  an  accelerating  influence of  YidC depletion on Hbp 
signal  peptide  cleavage  is  anticipated.  This  was  not  observed  in  preliminary  pulse‐chase 
experiments. However,  even a  small  change  in  kinetics  of  processing or  release may already 
have profound consequences for Hbp biogenesis (280). Therefore, the kinetics of signal peptide 
processing  in  the  presence  and  absence  of  YidC  should  be  analyzed  in  more  detail.  Our 
crosslinking  analysis  showed  that  the  Hbp  signal  peptide  is  close  to  YidC  early  during 
biogenesis. Still, YidC might exert its effect via interactions with other regions of Hbp. Also, YidC 
might  have  a  more  indirect  role  in  biogenesis  such  as  the  recruitment  of  folding  factors. 
Recently,  Schultz  and  colleagues  developed  a  technique  that  allows  site‐directed  photo‐
crosslinking in vivo (373, 374). In a follow‐up study this technique will be employed to get more 
information  about  the  nature  of  the  interaction  of  Hbp  and  YidC  in  vivo  and  to  identify  the 
regions of interaction within these proteins. 
Hbp is the first example of an AT of which the biogenesis is influenced by YidC. It would 
be  of  interest  to  see  whether  YidC  is  more  generally  involved  in  the  biogenesis  of  ATs. 
Preliminary work already  showed  that YidC affected  the biogenesis of  at  least one other AT, 
Ag43 (L. Baars & J.W. de Gier, unpublished). On the other hand, the secretion and localization 
of the Shigella flexneri AT IcsA in E. coli was not affected upon YidC depletion (Brandon, 2003). 
The  reason  for  the discrepancy between Hbp/Ag43 and  IcsA  is unclear but may relate  to  the 
expression of IcsA in a heterologous host‐organism. On the other hand, ATs are highly variable 
in sequence (5, 245) and involvement of YidC might be restricted to certain AT groups or even 
to individual ATs. 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In addition to Hbp, only a few other proteins containing cleavable signal peptides have 
been described whose biogenesis  implicates a  role  for YidC  (45, 337).  Interestingly,  like Hbp, 
these proteins contain signal peptides that mediate membrane targeting via the SRP pathway. 
Therefore,  it  seems  conceivable  that  the  SRP  binding  character  of  the  Hbp  signal  peptide 
(chapter  3;  109)  is  important  for  YidC‐dependent  biogenesis.  Another  determinant  for  YidC 
dependency might be the conserved signal peptide extension. Deletion of the extension (280; 
our  unpublished  observations)  and  depletion  of  YidC  (chapter  4)  have  similar  effects  on  the 
biogenesis  of  ATs  (i.e.  misfolding  in  the  periplasm),  suggesting  a  functional  connection. 
Furthermore,  Hbp  and  Ag43,  which  both  seem  to  rely  on  YidC  for  proper  biogenesis  (see 
above), are synthesized with highly homologous signal peptide extensions (277). On the other 
hand,  IcsA,  which  was  not  affected  by  YidC  (269),  carries  a  long  signal  peptide  that  is  not 
related  to  the  signal  peptides  of  Hbp  and  Ag43  (277). We  are  currently  investigating  if  the 
presence of the extension is a prerequisite for crosslinking of the signal peptide to YidC in vitro. 
We  are  also  analyzing  how  signal  peptides  of  different  nature  (SRP‐dependent  vs  SecB‐
dependent),  influence  crosslinking  of  Hbp  to  YidC  in  vitro  and  how  they  influence  YidC‐
dependent  biogenesis  and  secretion  of  Hbp  in  vivo.  These  experiments  will  provide  more 
insight into the role of the signal peptide in YidC‐dependent transport of Hbp and might reveal 
features that are decisive for this process 
 
3.3. Folding in the periplasm and outer membrane translocation 
Following  translocation  across  the  IM,  ATs  are  released  into  the  periplasmic  space.  Several 
reports  suggest  that  ATs  temporarily  reside  in  this  compartment  before  being  translocated 
across the OM (281‐285, 294). The degree of folding of AT passengers in the periplasm and the 
tolerance  of  the  translocator  in  the  OM  towards  folded  structures  have  been  topics  of 
considerable  interest  in  recent  years  (see  5;  chapter  1).  To  evaluate  the  extent  of  folding 
compatible with efficient secretion, several chimeric proteins have been constructed in which 
the  natural  AT  passengers  were  partially  or  totally  replaced  by  various  reporters  whose 
structure  and  folding  could  be manipulated  and monitored.  Unfortunately,  the  secretion  of 
these  constructs  appeared  to  be  variable,  leading  to  incongruent models  for  AT  folding  and 
secretion. Also the use of heterologous host organisms in some of the studies may have been 
influential  in  this  respect  (282‐284,  286‐295).  In  chapter  5,  the  relationship  between  folding 
and secretion of Hbp was analyzed. Importantly, this work relied on the use of full‐length Hbp 
mutants  that  were  based  on  the  recently  solved  crystal  structure  of  the  secreted  Hbp 
passenger  (256) and were selected  to ensure a minimal perturbation of  the native structure. 
Furthermore, our studies were carried out in E. coli, the natural host of Hbp. 
To  obtain  insight  into  the  folding  of  the  passenger  domain  while  in  transit  in  the 
periplasm, paired cysteine residues were introduced into the Hbp passenger at positions that 
appeared  spatially  close  in  the  crystal  structure  and  were  predicted  to  be  optimal  for 
disulphide  bridge  formation  in  the  native  structure.  One  pair  (707C/712C)  is  close  also  in 
primary structure and located in a loop that protrudes from the β‐helix stem. The second pair 
(110C/348C)  is  remote  in  primary  structure  but  close  in  the  native  folded  molecule  and 
participates in a hydrophobic interface that connects the catalytic domain 1 to the lower part 
of  the  cylindrical β‐stem  (see  chapter  5,  Fig.  1).  In  chapter  5  it  is  shown  that  intramolecular 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disulphide  bond  formation  occurred  in  both  mutants,  dependent  on  the  major  periplasmic 
oxidoreductase  DsbA.  This  illustrates  that  considerable  folding  of  the  Hbp  passenger  takes 
place in the periplasm. Likewise, substantial folding prior to OM translocation was reported for 
the passenger of the AT IcsA. The isolation of a proteinase K resistant form of the passenger of 
this AT  from the periplasm suggested that  this domain acquires a  folded structure already  in 
this compartment (281). Our data provide little information about the actual conformation of 
the Hbp passenger  in  the periplasm.  Proteinase K  treatment  of  periplasmic  intermediates  of 
Hbp and the analysis of additional paired cysteine mutants could provide more insight into the 
extent  of  folding  of  Hbp  in  the  periplasm.  In  addition,  it would  be  of  interest  to  investigate 
which periplasmic chaperones, if any, are involved in the folding of Hbp. Until now, information 
on the role of chaperones in periplasmic transit of ATs is scarce (313, 375‐377).  
Formation of  a  disulphide  bond between  the  residues  707C  and  712C  is  predicted  to 
form  a  small  loop  that  protrudes  from  the β‐stem of  the Hbp  passenger  and  appeared  fully 
compatible with translocation of Hbp across the OM. This shows that the Hbp translocator to 
some  extent  tolerates  folded  structures.  Interestingly,  disulphide  bridge  formation  between 
two closely spaced native cysteine residues in the passenger of EspP was also tolerated during 
secretion  (283).  In  addition,  despite  a  low  overall  cysteine  content  within  AT  passengers,  a 
single cysteine pair with limited spacing (≤ 11 residues) is frequently present in these domains 
(353,  378).  These  data  suggest  that  some  tolerance  of  the  OM  translocator  towards  small 
folded elements might be quite common among ATs. Unlike the disulphide bonding between 
the  closely  spaced  707C/712C  residues,  covalent  linkage  of  distant  domains  of  the  Hbp 
passenger  upon  formation  of  the  110C/348C  bond  blocked  secretion  almost  completely  and 
led to degradation of Hbp by the periplasmic protease DegP. This result suggested that size and 
flexibility  of  folded  Hbp  structures  are  critical  parameters  for  passage  across  the  OM.  This 
supposition  was  corroborated  using  an  Hbp  derivative  that  carried  a  relatively  small 
(~45×45×65Å)  tightly  folded  calmodulin  moiety  [Hbp(Calm)].  Similar  to  Hbp110C/348C,  this 
construct  appeared  secretion  incompetent  and  was  degraded  by  DegP.  Relaxation  of  the 
calmodulin folding state by addition of the chelator EGTA to remove calcium ions completely 
restored the secretion of this derivative. 
As  mentioned  above,  DegP  appeared  responsible  for  the  degradation  of  secretion 
incompetent Hbp folding mutants Hbp110C/348 and Hbp(Calm). In ΔdegP cells these mutants 
were shown to accumulate  in the periplasm in their unprocessed (pro‐)form (containing both 
the  passenger  and β‐domain). We  considered  the  possibility  that  these  species  represented 
intermediates of Hbp  that had  initiated  translocation of  their  passenger  across  the OM until 
the folded or inflexible moiety jammed OM translocation machinery. Consistent with this idea, 
two  independent  subcellular  fractionation  approaches  showed  that  both  the  accumulating 
Hbp110C/348  and  Hbp(Calm)  intermediates  were  localized  in  the  OM.  Immunofluorescence 
analysis further revealed that the mutants had part of their passenger exposed at the surface 
of  intact  cells.  Moreover,  their  accessibility  to  DegP  (see  above)  implies  that  they  also  had 
domains exposed to the periplasm. Taken together, these data suggest that the accumulating 
Hbp110C/348  and  Hbp(Calm)  species  indeed  form  genuine  Hbp  translocation  intermediates 
which got jammed during passage of the OM. 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Collectively,  the  data  in  chapter  5  provide  evidence  that  the  Hbp  passenger  domain 
temporarily  resides  in  the  periplasm  where  considerable  folding  takes  place  prior  to 
translocation. Yet, the intermediate has to retain a certain degree of flexibility and/or modest 
width to prevent congestion of the translocation apparatus and degradation by the periplasmic 
protease DegP. 
 
The mechanism of OM translocation and the nature of the OM translocator pore are currently 
debated topics in the AT field (5). The debate is focused on the question whether translocation 
of  the  AT  passenger  across  the  OM  occurs  through  (i)  the  central  pore  present  in  the 
monomeric β‐domain (classical model),  (ii) a homo‐oligomeric complex composed of multiple 
β‐domains  (multimerisation model),  or  (iii)  an  independent,  host‐encoded machinery.  These 
models are discussed in detail in chapter 1 (see chapter 1, Fig. 11). The crystal structure of the 
β‐domain  of  NalP  revealed  a  rather  narrow  central  pore  with  maximum  dimensions  of 
10×12.5Å (253). Following the study presented in chapter 5 of this thesis, the crystal structure 
of  the EspP β‐domain became available showing a pore of quite similar dimensions (11×11Å) 
(265).  Importantly, EspP belongs  to  the SPATE subfamily of ATs  that also  includes Hbp  (245). 
The  β‐domains  of  these  ATs  are  very  similar  in  sequence  (266)  implying  that  the  pore  size 
dimensions  of  the  β‐domains  of  EspP  and  Hbp  are  likely  to  be  comparable.  Obviously,  the 
reported  pore  sizes  are  not  compatible  with  efficient  OM  translocation  of  the  disulphide 
bonded Hbp707C/712C mutant (chapter 5) and other ATs carrying disulphide bonds (281, 283) 
or  folded  structures  (283,  284).    Therefore,  these  data  are  not  compatible  with  a  model 
involving AT secretion via a single β‐domain and challenge the longstanding classical model of 
AT translocation. Rather, the data call for a more spacious or flexible translocation machinery. 
The  tolerance of  this machinery  towards  folded structures, however,  is probably  limited as a 
tightly  folded  calmodulin  domain  (~45×45×65Å)  was  shown  to  obstruct  transfer  of  the  Hbp 
passenger  across  the OM  (chapter  5).  In  principle,  our  results  are not  incompatible with  the 
translocator  pore  dimensions  associated with  the multimerisation model  (20×20Å)  (297)  but 
the  functional  relevance of  this model  for AT secretion  is highly questionable  (see chapter 1, 
section  5.4.).  Although  our  data  do  not  rule  out  the  abovementioned  classical  and 
multimerisation models  entirely,  they  can  be  reconciled  best  with  a model  that  involves  an 
exogenous machinery  to  conduct  or  assist  in  the  OM  translocation  of  ATs.  Thus  far,  such  a 
machinery  has  not  been  identified  but  the  Omp85/YaeT  complex  (254,  302)  has  been 
suggested as a possible candidate (253, 301). 
As  mentioned  above,  Hbp110C/348C  and  Hbp(Calm)  appeared  to  form  Hbp 
translocation  intermediates  in  the  OM.  These  stalled  intermediates  provide  a  unique 
opportunity  to  get more  insight  into  the  controversial mechanism of AT  translocation across 
the OM and  elucidate  the  identity  and  the  composition  of  the OM  translocation machinery. 
Very recently, combined protein cross‐linking and pull‐down experiments were carried out to 
characterize the molecular  interactions of the stalled  intermediates  in the OM. Strikingly,  the 
experiments  revealed  interactions  of  the Hbp110C/348C  intermediate with  the Omp85/YaeT 
complex.  These  interactions  were  not  found  with  Hbp  constructs  reflecting  pre‐  and  post‐
translocatory  stages  in  the  secretion  process,  suggesting  that  they  only  occur  during  OM 
translocation  (A. Sauri, unpublished). Different mechanisms could explain  the  involvement of 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the Omp85/YaeT  complex  in Hbp  translocation.  The  complex might hold  the β‐domain  in  an 
open  conformation  to  allow  translocation  of  the  passenger  domain  in  a  partly  folded 
conformation (still  in keeping with the classical model). Alternatively, vectorial transfer of the 
passenger  might  take  place  through  the  Omp85/YaeT  complex  functioning  as  a  protein‐
conducting  channel.  Finally,  Omp85/YaeT  might  promote  assembly  of  the  β‐domain  and 
translocation of the passenger in a concerted mechanism. Some experimental support for such 
a  model  was  presented  recently  (285).  Nevertheless,  more  work  is  required  to  determine 
which  of  these  models  is  correct.  In  this  respect  the  stalled  Hbp110C/348C  and  Hbp(Calm) 
intermediates  could  provide  information  about  whether  translocation  of  the  passenger  is  a 
vectorial process or not. In fact, the stalled intermediates also provide a unique opportunity to 
settle  the  long‐standing  issue  about  the  direction  of  vectorial  transfer  of  the  AT  passenger 
domain (i.e. from C‐ to N‐terminus as generally assumed or vice versa?). 
 
3.4. Summarizing model for secretion of Hbp 
In Figure 1, a summarizing model  is presented that describes the secretion of Hbp via the AT 
pathway based on the work discussed in the previous sections 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Model for secretion of Hbp via the AT pathway (see next page). Hbp is synthesized in the cytoplasm of 
Escherichia  coli  with  an  unusually  long  signal  peptide  that  carries  a  conserved  extension.  The  signal  peptide 
interacts  with  the  signal  recognition  particle  (SRP),  which  mediates  co‐translational  targeting  to  the  Sec 
translocon (SecYEG) in the inner membrane (IM). In the absence of SRP, Hbp is targeted post‐translationally via a 
mechanism that involves the cytosolic chaperone SecB. The signal peptide extension is not  involved in targeting 
but may function to slow down transfer of Hbp across the SecYEG machinery to prevent misfolding of Hbp at the 
trans side of the IM. Hbp follows an atypical (for secretory proteins) route through the translocon and interacts 
with the accessory translocon component YidC that seems required to prevent misfolding of Hbp in the periplasm. 
Following passage of the IM, the signal peptide is cleaved and the resulting proHbp intermediate is released into 
the periplasm where  considerable  folding of  the passenger  takes place. However,  the passenger must  retain a 
certain  degree  of  flexibility  and/or  modest  width  to  allow  translocation  across  the  outer  membrane.  The  β‐
domain  at  the  C‐terminus  of  the  proHbp  intermediate  forms  a  β‐barrel  in  the  OM  and  plays  a  crucial  but 
enigmatic role in the translocation of the passenger across the OM. The mechanism of passenger translocation is 
still unclear but may involve the host encoded Omp85/YaeT complex (center). Alternatively, translocation of the 
passenger may proceed through the central pore present in the monomeric β‐domain (faint drawing on the left) 
or  through a homo‐oligomeric  complex  composed of multiple β‐domains  (faint drawing on  the  right)  although 
these options are less likely. Following OM translocation, the Hbp passenger is cleaved from the β‐domain via an 
autoproteolytic  mechanism  (266)  and  released  into  the  extracellular  environment.  Here,  the  passenger  is 
expected to adopt its final conformation. 
Chapter 6 
116 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
References 
References 
118 
 
1.  Daley, D.O., M. Rapp, E. Granseth, K. Melen, D. Drew, and G. von Heijne. 2005. Global topology analysis of 
the Escherichia coli inner membrane proteome. Science 308:1321‐1323. 
2.  Rey, S., M. Acab, J.L. Gardy, M.R. Laird, K. deFays, C. Lambert, and F.S. Brinkman. 2005. PSORTdb: a protein 
subcellular localization database for bacteria. Nucleic Acids Res 33:D164‐168. 
3.  Economou,  A.,  P.J.  Christie,  R.C.  Fernandez,  T.  Palmer,  G.V.  Plano,  and  A.P.  Pugsley.  2006.  Secretion  by 
numbers: Protein traffic in prokaryotes. Molecular microbiology 62:308‐319. 
4.  Natale, P., T. Bruser, and A.J. Driessen. 2007. Sec‐ and Tat‐mediated protein secretion across  the bacterial 
cytoplasmic membrane‐Distinct translocases and mechanisms. Biochimica et biophysica acta  
5.  Dautin,  N.,  and H.D.  Bernstein.  2007.  Protein  secretion  in  gram‐negative  bacteria  via  the  autotransporter 
pathway. Annual review of microbiology 61:89‐112. 
6.  Lee,  P.A.,  D.  Tullman‐Ercek,  and  G.  Georgiou.  2006.  The  bacterial  twin‐arginine  translocation  pathway. 
Annual review of microbiology 60:373‐395. 
7.  Luirink,  J.,  G.  von  Heijne,  E.  Houben,  and  J.W.  de  Gier.  2005.  Biogenesis  of  inner  membrane  proteins  in 
Escherichia coli. Annual review of microbiology 59:329‐355. 
8.  von Heijne, G. 1985. Signal sequences. The limits of variation. Journal of molecular biology 184:99‐105. 
9.  Inouye, S., X. Soberon, T. Franceschini, K. Nakamura, K. Itakura, and M. Inouye. 1982. Role of positive charge 
on the amino‐terminal region of the signal peptide in protein secretion across the membrane. Proceedings of 
the National Academy of Sciences of the United States of America 79:3438‐3441. 
10.  Vlasuk,  G.P.,  S.  Inouye,  H.  Ito,  K.  Itakura,  and M.  Inouye.  1983.  Effects  of  the  complete  removal  of  basic 
amino acid  residues  from  the  signal  peptide on  secretion of  lipoprotein  in  Escherichia  coli. The  Journal  of 
biological chemistry 258:7141‐7148. 
11.  Akita,  M.,  S.  Sasaki,  S.  Matsuyama,  and  S.  Mizushima.  1990.  SecA  interacts  with  secretory  proteins  by 
recognizing the positive charge at the amino terminus of the signal peptide in Escherichia coli. The Journal of 
biological chemistry 265:8164‐8169. 
12.  de  Vrije,  T.,  R.L.  de  Swart,  W.  Dowhan,  J.  Tommassen,  and  B.  de  Kruijff.  1988.  Phosphatidylglycerol  is 
involved in protein translocation across Escherichia coli inner membranes. Nature 334:173‐175. 
13.  Nesmeyanova, M.A., A.L. Karamyshev, Z.N. Karamysheva, A.E. Kalinin, V.N. Ksenzenko, and A.V. Kajava. 1997. 
Positively charged lysine at the N‐terminus of the signal peptide of the Escherichia coli alkaline phosphatase 
provides the secretion efficiency and  is  involved  in the  interaction with anionic phospholipids. FEBS  letters 
403:203‐207. 
14.  Rusch,  S.L.,  and  D.A.  Kendall.  2007.  Interactions  that  drive  Sec‐dependent  bacterial  protein  transport. 
Biochemistry 46:9665‐9673. 
15.  von Heijne, G. 1986. Net N‐C charge imbalance may be important for signal sequence function in bacteria. 
Journal of molecular biology 192:287‐290. 
16.  Kebir, M.O., and D.A. Kendall. 2002. SecA specificity for different signal peptides. Biochemistry 41:5573‐5580. 
17.  Wang,  L.,  A. Miller,  S.L.  Rusch,  and  D.A.  Kendall.  2004.  Demonstration  of  a  specific  Escherichia  coli  SecY‐
signal peptide interaction. Biochemistry 43:13185‐13192. 
18.  Paetzel, M., A. Karla, N.C. Strynadka, and R.E. Dalbey. 2002. Signal peptidases. Chem Rev 102:4549‐4580. 
19.  Fikes,  J.D., G.A. Barkocy‐Gallagher, D.G. Klapper, and P.J. Bassford,  Jr. 1990. Maturation of Escherichia coli 
maltose‐binding  protein  by  signal  peptidase  I  in  vivo.  Sequence  requirements  for  efficient  processing  and 
demonstration of an alternate cleavage site. The Journal of biological chemistry 265:3417‐3423. 
20.  Karamyshev, A.L., Z.N. Karamysheva, A.V. Kajava, V.N. Ksenzenko, and M.A. Nesmeyanova. 1998. Processing 
of Escherichia coli alkaline phosphatase: role of the primary structure of the signal peptide cleavage region. 
Journal of molecular biology 277:859‐870. 
21.  Laforet,  G.A.,  and  D.A.  Kendall.  1991.  Functional  limits  of  conformation,  hydrophobicity,  and  steric 
constraints in prokaryotic signal peptide cleavage regions. Wild type transport by a simple polymeric signal 
sequence. The Journal of biological chemistry 266:1326‐1334. 
22.  Perlman,  D.,  and  H.O.  Halvorson.  1983.  A  putative  signal  peptidase  recognition  site  and  sequence  in 
eukaryotic and prokaryotic signal peptides. Journal of molecular biology 167:391‐409. 
23.  Shen, L.M., J.I. Lee, S.Y. Cheng, H. Jutte, A. Kuhn, and R.E. Dalbey. 1991. Use of site‐directed mutagenesis to 
define  the  limits  of  sequence  variation  tolerated  for  processing  of  the  M13  procoat  protein  by  the 
Escherichia coli leader peptidase. Biochemistry 30:11775‐11781. 
24.  von  Heijne,  G.  1984.  How  signal  sequences  maintain  cleavage  specificity.  Journal  of  molecular  biology 
173:243‐251. 
25.  Yahr,  T.L.,  and  W.T.  Wickner.  2001.  Functional  reconstitution  of  bacterial  Tat  translocation  in  vitro.  The 
EMBO journal 20:2472‐2479. 
26.  Berks,  B.C.  1996.  A  common  export  pathway  for  proteins  binding  complex  redox  cofactors?  Molecular 
microbiology 22:393‐404. 
27.  Berks, B.C., F. Sargent, and T. Palmer. 2000. The Tat protein export pathway. Molecular microbiology 35:260‐
274. 
References 
119 
 
28.  Buchanan, G., F. Sargent, B.C. Berks, and T. Palmer. 2001. A genetic screen for suppressors of Escherichia coli 
Tat signal peptide mutations establishes a critical role for the second arginine within the twin‐arginine motif. 
Arch Microbiol 177:107‐112. 
29.  Halbig, D., B. Hou, R. Freudl, G.A. Sprenger, and R.B. Klosgen. 1999. Bacterial proteins carrying twin‐R signal 
peptides  are  specifically  targeted  by  the  delta  pH‐dependent  transport  machinery  of  the  thylakoid 
membrane system. FEBS letters 447:95‐98. 
30.  Ize, B., F. Gerard, M. Zhang, A. Chanal, R. Voulhoux, T. Palmer, A. Filloux, and L.F. Wu. 2002. In vivo dissection 
of the Tat translocation pathway in Escherichia coli. Journal of molecular biology 317:327‐335. 
31.  DeLisa,  M.P.,  P.  Samuelson,  T.  Palmer,  and  G.  Georgiou.  2002.  Genetic  analysis  of  the  twin  arginine 
translocator secretion pathway in bacteria. The Journal of biological chemistry 277:29825‐29831. 
32.  Hinsley, A.P., N.R. Stanley, T. Palmer, and B.C. Berks. 2001. A naturally occurring bacterial Tat signal peptide 
lacking one of the 'invariant' arginine residues of the consensus targeting motif. FEBS letters 497:45‐49. 
33.  Niviere, V., S.L. Wong, and G. Voordouw. 1992. Site‐directed mutagenesis of the hydrogenase signal peptide 
consensus box prevents export of a beta‐lactamase fusion protein. J Gen Microbiol 138:2173‐2183. 
34.  Stanley, N.R.,  T.  Palmer,  and B.C. Berks.  2000.  The  twin arginine  consensus motif of  Tat  signal peptides  is 
involved  in  Sec‐independent  protein  targeting  in  Escherichia  coli.  The  Journal  of  biological  chemistry 
275:11591‐11596. 
35.  Ignatova, Z., C. Hornle, A. Nurk, and V. Kasche. 2002. Unusual signal peptide directs penicillin amidase from 
Escherichia  coli  to  the  Tat  translocation machinery. Biochemical  and biophysical  research  communications 
291:146‐149. 
36.  Cristobal,  S.,  J.W.  de  Gier,  H.  Nielsen,  and  G.  von  Heijne.  1999.  Competition  between  Sec‐  and  TAT‐
dependent protein translocation in Escherichia coli. The EMBO journal 18:2982‐2990. 
37.  Bogsch, E., S. Brink, and C. Robinson. 1997. Pathway specificity for a delta pH‐dependent precursor thylakoid 
lumen protein is governed by a 'Sec‐avoidance' motif in the transfer peptide and a 'Sec‐incompatible' mature 
protein. The EMBO journal 16:3851‐3859. 
38.  Tullman‐Ercek, D., M.P. DeLisa,  Y.  Kawarasaki,  P.  Iranpour,  B.  Ribnicky,  T.  Palmer,  and G. Georgiou.  2007. 
Export  pathway  selectivity  of  Escherichia  coli  twin  arginine  translocation  signal  peptides.  The  Journal  of 
biological chemistry 282:8309‐8316. 
39.  Palmer, T., F. Sargent, and B.C. Berks. 2005. Export of complex cofactor‐containing proteins by the bacterial 
Tat pathway. Trends in microbiology 13:175‐180. 
40.  Kipping, M.,  H.  Lilie,  U.  Lindenstrauss,  J.R.  Andreesen,  C.  Griesinger,  T.  Carlomagno,  and  T.  Bruser.  2003. 
Structural studies on a twin‐arginine signal sequence. FEBS letters 550:18‐22. 
41.  Nurizzo,  D.,  D.  Halbig,  G.A.  Sprenger,  and  E.N.  Baker.  2001.  Crystal  structures  of  the  precursor  form  of 
glucose‐fructose  oxidoreductase  from  Zymomonas  mobilis  and  its  complexes  with  bound  ligands. 
Biochemistry 40:13857‐13867. 
42.  San Miguel, M.,  R. Marrington,  P.M.  Rodger,  A.  Rodger,  and  C.  Robinson.  2003.  An  Escherichia  coli  twin‐
arginine  signal  peptide  switches  between  helical  and  unstructured  conformations  depending  on  the 
hydrophobicity of the environment. European journal of biochemistry / FEBS 270:3345‐3352. 
43.  Berks,  B.C.,  T.  Palmer,  and  F.  Sargent.  2005.  Protein  targeting  by  the bacterial  twin‐arginine  translocation 
(Tat) pathway. Curr Opin Microbiol 8:174‐181. 
44.  Kurisu, G., H. Zhang, J.L. Smith, and W.A. Cramer. 2003. Structure of the cytochrome b6f complex of oxygenic 
photosynthesis: tuning the cavity. Science 302:1009‐1014. 
45.  Froderberg, L., E.N. Houben, L. Baars, J. Luirink, and J.W. de Gier. 2004. Targeting and translocation of two 
lipoproteins in Escherichia coli via the SRP/Sec/YidC pathway. The Journal of biological chemistry 279:31026‐
31032. 
46.  Hayashi, S., and H.C. Wu. 1990. Lipoproteins in bacteria. J Bioenerg Biomembr 22:451‐471. 
47.  Oudega,  B.,  D.  Clark,  F.  Stegehuis,  M.J.  Majoor,  and  J.  Luirink.  1993.  A  lipoprotein  signal  peptide  plus  a 
cysteine residue at the amino‐terminal end of the periplasmic protein beta‐lactamase is sufficient for its lipid 
modification, processing and membrane localization in Escherichia coli. FEMS microbiology letters 108:353‐
359. 
48.  Sugai, M., and H.C. Wu. 1992. Export of the outer membrane lipoprotein is defective in secD, secE, and secF 
mutants of Escherichia coli. Journal of bacteriology 174:2511‐2516. 
49.  Watanabe, T.,  S. Hayashi,  and H.C. Wu. 1988.  Synthesis  and export of  the outer membrane  lipoprotein  in 
Escherichia coli mutants defective in generalized protein export. Journal of bacteriology 170:4001‐4007. 
50.  Klein,  P.,  R.L.  Somorjai,  and  P.C.  Lau.  1988.  Distinctive  properties  of  signal  sequences  from  bacterial 
lipoproteins. Protein engineering 2:15‐20. 
51.  von Heijne, G. 1989. The structure of signal peptides from bacterial lipoproteins. Protein engineering 2:531‐
534. 
52.  Sankaran,  K.,  and  H.C. Wu.  1994.  Lipid modification  of  bacterial  prolipoprotein.  Transfer  of  diacylglyceryl 
moiety from phosphatidylglycerol. The Journal of biological chemistry 269:19701‐19706. 
References 
120 
 
53.  Luirink, J., and I. Sinning. 2004. SRP‐mediated protein targeting: structure and function revisited. Biochimica 
et biophysica acta 1694:17‐35. 
54.  Driessen,  A.J.,  and  N.  Nouwen.  2008.  Protein  Translocation  Across  the  Bacterial  Cytoplasmic Membrane. 
Annual review of biochemistry 77:643‐667. 
55.  Pohlschroder, M., W.A. Prinz, E. Hartmann, and J. Beckwith. 1997. Protein translocation in the three domains 
of life: variations on a theme. Cell 91:563‐566. 
56.  Yahr, T.L., and W.T. Wickner. 2000. Evaluating the oligomeric state of SecYEG in preprotein translocase. The 
EMBO journal 19:4393‐4401. 
57.  Van den Berg, B., W.M. Clemons,  Jr.,  I. Collinson, Y. Modis, E. Hartmann, S.C. Harrison, and T.A. Rapoport. 
2004. X‐ray structure of a protein‐conducting channel. Nature 427:36‐44. 
58.  Tam, P.C., A.P. Maillard, K.K. Chan, and F. Duong. 2005. Investigating the SecY plug movement at the SecYEG 
translocation channel. The EMBO journal 24:3380‐3388. 
59.  Duong,  F.,  and  W.  Wickner.  1997.  Distinct  catalytic  roles  of  the  SecYE,  SecG  and  SecDFyajC  subunits  of 
preprotein translocase holoenzyme. The EMBO journal 16:2756‐2768. 
60.  Gardel,  C.,  K.  Johnson,  A.  Jacq,  and  J.  Beckwith.  1990.  The  secD  locus  of  E.coli  codes  for  two membrane 
proteins required for protein export. The EMBO journal 9:3209‐3216. 
61.  Pogliano,  K.J.,  and  J.  Beckwith.  1994.  Genetic  and molecular  characterization  of  the  Escherichia  coli  secD 
operon and its products. Journal of bacteriology 176:804‐814. 
62.  Arkowitz, R.A., and W. Wickner. 1994. SecD and SecF are required for the proton electrochemical gradient 
stimulation of preprotein translocation. The EMBO journal 13:954‐963. 
63.  Nouwen, N., and A.J. Driessen. 2005. Inactivation of protein translocation by cold‐sensitive mutations in the 
yajC‐secDF operon. Journal of bacteriology 187:6852‐6855. 
64.  Brundage,  L.,  J.P.  Hendrick,  E.  Schiebel,  A.J.  Driessen,  and W. Wickner.  1990.  The  purified  E.  coli  integral 
membrane protein SecY/E is sufficient for reconstitution of SecA‐dependent precursor protein translocation. 
Cell 62:649‐657. 
65.  Driessen, A.J. 2001. SecB, a molecular chaperone with two faces. Trends in microbiology 9:193‐196. 
66.  Hartl, F.U., S. Lecker, E. Schiebel, J.P. Hendrick, and W. Wickner. 1990. The binding cascade of SecB to SecA 
to SecY/E mediates preprotein targeting to the E. coli plasma membrane. Cell 63:269‐279. 
67.  Xu, Z.,  J.D. Knafels, and K. Yoshino. 2000. Crystal structure of the bacterial protein export chaperone secB. 
Nature structural biology 7:1172‐1177. 
68.  Rusch,  S.L.,  and  D.A.  Kendall.  2007.  Oligomeric  states  of  the  SecA  and  SecYEG  core  components  of  the 
bacterial Sec translocon. Biochimica et biophysica acta 1768:5‐12. 
69.  Schiebel, E., A.J. Driessen, F.U. Hartl, and W. Wickner. 1991. Delta mu H+ and ATP function at different steps 
of the catalytic cycle of preprotein translocase. Cell 64:927‐939. 
70.  van der Wolk, J.P., A. Boorsma, M. Knoche, H.J. Schafer, and A.J. Driessen. 1997. The low‐affinity ATP binding 
site of the Escherichia coli SecA dimer is localized at the subunit interface. Biochemistry 36:14924‐14929. 
71.  Lill, R., W. Dowhan, and W. Wickner. 1990. The ATPase activity of SecA is regulated by acidic phospholipids, 
SecY, and the leader and mature domains of precursor proteins. Cell 60:271‐280. 
72.  Miller,  A.,  L.  Wang,  and  D.A.  Kendall.  1998.  Synthetic  signal  peptides  specifically  recognize  SecA  and 
stimulate ATPase activity in the absence of preprotein. The Journal of biological chemistry 273:11409‐11412. 
73.  Gelis,  I.,  A.M.  Bonvin,  D.  Keramisanou,  M.  Koukaki,  G.  Gouridis,  S.  Karamanou,  A.  Economou,  and  C.G. 
Kalodimos.  2007.  Structural  basis  for  signal‐sequence  recognition  by  the  translocase  motor  SecA  as 
determined by NMR. Cell 131:756‐769. 
74.  Scotti, P.A., Q.A. Valent, E.H. Manting, M.L. Urbanus, A.J. Driessen, B. Oudega, and J. Luirink. 1999. SecA is 
not required for signal recognition particle‐mediated targeting and initial membrane insertion of a nascent 
inner membrane protein. The Journal of biological chemistry 274:29883‐29888. 
75.  Andersson, H., and G. von Heijne. 1993. Position‐specific Asp‐Lys pairing can affect signal sequence function 
and membrane protein topology. The Journal of biological chemistry 268:21389‐21393. 
76.  Froderberg, L., E. Houben, J.C. Samuelson, M. Chen, S.K. Park, G.J. Phillips, R. Dalbey, J. Luirink, and J.W. De 
Gier.  2003.  Versatility  of  inner  membrane  protein  biogenesis  in  Escherichia  coli. Molecular  microbiology 
47:1015‐1027. 
77.  Randall, L.L., and S.J. Hardy. 2002. SecB, one small chaperone in the complex milieu of the cell. Cell Mol Life 
Sci 59:1617‐1623. 
78.  Kumamoto, C.A., L. Chen, J. Fandl, and P.C. Tai. 1989. Purification of the Escherichia coli secB gene product 
and  demonstration  of  its  activity  in  an  in  vitro  protein  translocation  system.  The  Journal  of  biological 
chemistry 264:2242‐2249. 
79.  Lecker, S.H., A.J. Driessen, and W. Wickner. 1990. ProOmpA contains secondary and tertiary structure prior 
to  translocation  and  is  shielded  from  aggregation  by  association  with  SecB  protein.  The  EMBO  journal 
9:2309‐2314. 
80.  Kumamoto, C.A., and O. Francetic. 1993. Highly selective binding of nascent polypeptides by an Escherichia 
coli chaperone protein in vivo. Journal of bacteriology 175:2184‐2188. 
References 
121 
 
81.  Randall, L.L., T.B. Topping, S.J. Hardy, M.Y. Pavlov, D.V. Freistroffer, and M. Ehrenberg. 1997. Binding of SecB 
to ribosome‐bound polypeptides has the same characteristics as binding to full‐length, denatured proteins. 
Proceedings of the National Academy of Sciences of the United States of America 94:802‐807. 
82.  Ullers, R.S., J. Luirink, N. Harms, F. Schwager, C. Georgopoulos, and P. Genevaux. 2004. SecB is a bona fide 
generalized  chaperone  in  Escherichia  coli. Proceedings  of  the National  Academy of  Sciences  of  the United 
States of America 101:7583‐7588. 
83.  Knoblauch,  N.T.,  S.  Rudiger,  H.J.  Schonfeld,  A.J.  Driessen,  J.  Schneider‐Mergener,  and  B.  Bukau.  1999. 
Substrate specificity of the SecB chaperone. The Journal of biological chemistry 274:34219‐34225. 
84.  Randall,  L.L.,  T.B.  Topping,  and  S.J.  Hardy.  1990.  No  specific  recognition  of  leader  peptide  by  SecB,  a 
chaperone involved in protein export. Science 248:860‐863. 
85.  Dekker,  C.,  B.  de  Kruijff,  and  P.  Gros.  2003.  Crystal  structure  of  SecB  from  Escherichia  coli.  J  Struct  Biol 
144:313‐319. 
86.  Muren, E.M., D.  Suciu, T.B. Topping, C.A. Kumamoto, and L.L. Randall.  1999. Mutational alterations  in  the 
homotetrameric chaperone SecB  that  implicate  the structure as dimer of dimers. The  Journal of biological 
chemistry 274:19397‐19402. 
87.  Crane, J.M., Y. Suo, A.A. Lilly, C. Mao, W.L. Hubbell, and L.L. Randall. 2006. Sites of interaction of a precursor 
polypeptide  on  the  export  chaperone  SecB  mapped  by  site‐directed  spin  labeling.  Journal  of  molecular 
biology 363:63‐74. 
88.  Smith, V.F.,  S.J. Hardy,  and  L.L.  Randall.  1997. Determination of  the binding  frame of  the  chaperone SecB 
within the physiological ligand oligopeptide‐binding protein. Protein Sci 6:1746‐1755. 
89.  Fekkes, P., J.G. de Wit, A. Boorsma, R.H. Friesen, and A.J. Driessen. 1999. Zinc stabilizes the SecB binding site 
of SecA. Biochemistry 38:5111‐5116. 
90.  Fekkes, P., J.G. de Wit, J.P. van der Wolk, H.H. Kimsey, C.A. Kumamoto, and A.J. Driessen. 1998. Preprotein 
transfer to the Escherichia coli translocase requires the co‐operative binding of SecB and the signal sequence 
to SecA. Molecular microbiology 29:1179‐1190. 
91.  Fekkes,  P.,  C.  van  der  Does,  and  A.J.  Driessen.  1997.  The molecular  chaperone  SecB  is  released  from  the 
carboxy‐terminus  of  SecA during  initiation  of  precursor  protein  translocation. The  EMBO  journal  16:6105‐
6113. 
92.  Zhou,  J.,  and  Z.  Xu.  2003.  Structural  determinants  of  SecB  recognition  by  SecA  in  bacterial  protein 
translocation. Nature structural biology 10:942‐947. 
93.  Bochkareva, E.S., N.M. Lissin, and A.S. Girshovich. 1988. Transient association of newly synthesized unfolded 
proteins with the heat‐shock GroEL protein. Nature 336:254‐257. 
94.  Kusukawa, N.,  T.  Yura,  C. Ueguchi,  Y. Akiyama,  and K.  Ito.  1989.  Effects  of mutations  in  heat‐shock  genes 
groES and groEL on protein export in Escherichia coli. The EMBO journal 8:3517‐3521. 
95.  Wild, J., E. Altman, T. Yura, and C.A. Gross. 1992. DnaK and DnaJ heat shock proteins participate in protein 
export in Escherichia coli. Genes Dev 6:1165‐1172. 
96.  Wild,  J., P. Rossmeissl, W.A. Walter,  and C.A. Gross. 1996.  Involvement of  the DnaK‐DnaJ‐GrpE chaperone 
team in protein secretion in Escherichia coli. Journal of bacteriology 178:3608‐3613. 
97.  Keenan,  R.J.,  D.M.  Freymann,  R.M.  Stroud,  and  P.  Walter.  2001.  The  signal  recognition  particle.  Annual 
review of biochemistry 70:755‐775. 
98.  Poritz, M.A., H.D. Bernstein, K. Strub, D. Zopf, H. Wilhelm, and P. Walter. 1990. An E. coli ribonucleoprotein 
containing 4.5S RNA resembles mammalian signal recognition particle. Science 250:1111‐1117. 
99.  Nissen, P., J. Hansen, N. Ban, P.B. Moore, and T.A. Steitz. 2000. The structural basis of ribosome activity  in 
peptide bond synthesis. Science 289:920‐930. 
100.  Eisner, G., H.G. Koch, K. Beck, J. Brunner, and M. Muller. 2003. Ligand crowding at a nascent signal sequence. 
J Cell Biol 163:35‐44. 
101.  Gu,  S.Q.,  F.  Peske, H.J. Wieden, M.V. Rodnina,  and W. Wintermeyer.  2003.  The  signal  recognition particle 
binds to protein L23 at the peptide exit of the Escherichia coli ribosome. Rna 9:566‐573. 
102.  Ullers, R.S., E.N. Houben, A. Raine, C.M. ten Hagen‐Jongman, M. Ehrenberg, J. Brunner, B. Oudega, N. Harms, 
and J. Luirink. 2003. Interplay of signal recognition particle and trigger factor at L23 near the nascent chain 
exit site on the Escherichia coli ribosome. J Cell Biol 161:679‐684. 
103.  Beck, K., L.F. Wu, J. Brunner, and M. Muller. 2000. Discrimination between SRP‐ and SecA/SecB‐dependent 
substrates  involves  selective  recognition  of  nascent  chains  by  SRP  and  trigger  factor.  The  EMBO  journal 
19:134‐143. 
104.  Valent, Q.A., J.W. de Gier, G. von Heijne, D.A. Kendall, C.M. ten Hagen‐Jongman, B. Oudega, and J. Luirink. 
1997.  Nascent  membrane  and  presecretory  proteins  synthesized  in  Escherichia  coli  associate  with  signal 
recognition particle and trigger factor. Molecular microbiology 25:53‐64. 
105.  Adams, H., P.A. Scotti, H. De Cock, J. Luirink, and J. Tommassen. 2002. The presence of a helix breaker in the 
hydrophobic  core of  signal  sequences of  secretory proteins prevents  recognition by  the  signal‐recognition 
particle in Escherichia coli. European journal of biochemistry / FEBS 269:5564‐5571. 
References 
122 
 
106.  Lee,  H.C.,  and  H.D.  Bernstein.  2001.  The  targeting  pathway  of  Escherichia  coli  presecretory  and  integral 
membrane proteins  is  specified by  the hydrophobicity of  the  targeting  signal. Proceedings of  the National 
Academy of Sciences of the United States of America 98:3471‐3476. 
107.  Schierle,  C.F.,  M.  Berkmen,  D.  Huber,  C.  Kumamoto,  D.  Boyd,  and  J.  Beckwith.  2003.  The  DsbA  signal 
sequence directs efficient, cotranslational export of passenger proteins to the Escherichia coli periplasm via 
the signal recognition particle pathway. Journal of bacteriology 185:5706‐5713. 
108.  Nakatogawa, H., and K. Ito. 2001. Secretion monitor, SecM, undergoes self‐translation arrest in the cytosol. 
Mol Cell 7:185‐192. 
109.  Sijbrandi, R., M.L. Urbanus, C.M.  ten Hagen‐Jongman, H.D. Bernstein, B. Oudega, B.R. Otto,  and  J.  Luirink. 
2003.  Signal  recognition  particle  (SRP)‐mediated  targeting  and  Sec‐dependent  translocation  of  an 
extracellular Escherichia coli protein. The Journal of biological chemistry 278:4654‐4659. 
110.  Wertz, D.H., and H.A. Scheraga. 1978. Influence of water on protein structure. An analysis of the preferences 
of  amino  acid  residues  for  the  inside  or  outside  and  for  specific  conformations  in  a  protein  molecule. 
Macromolecules 11:9‐15. 
111.  Huber, D., D. Boyd, Y. Xia, M.H. Olma, M. Gerstein, and J. Beckwith. 2005. Use of thioredoxin as a reporter to 
identify  a  subset  of  Escherichia  coli  signal  sequences  that  promote  signal  recognition  particle‐dependent 
translocation. Journal of bacteriology 187:2983‐2991. 
112.  Avdeeva,  O.N.,  A.G.  Myasnikov,  P.V.  Sergiev,  A.A.  Bogdanov,  R.  Brimacombe,  and  O.A.  Dontsova.  2002. 
Construction  of  the  'minimal'  SRP  that  interacts  with  the  translating  ribosome  but  not  with  specific 
membrane receptors in Escherichia coli. FEBS letters 514:70‐73. 
113.  Raine, A., R. Ullers, M. Pavlov,  J.  Luirink,  J.E. Wikberg, and M. Ehrenberg. 2003. Targeting and  insertion of 
heterologous membrane proteins in E. coli. Biochimie 85:659‐668. 
114.  Bernstein,  H.D.,  and  J.B.  Hyndman.  2001.  Physiological  basis  for  conservation  of  the  signal  recognition 
particle targeting pathway in Escherichia coli. Journal of bacteriology 183:2187‐2197. 
115.  Bowers,  C.W.,  F.  Lau,  and  T.J.  Silhavy.  2003.  Secretion  of  LamB‐LacZ  by  the  signal  recognition  particle 
pathway of Escherichia coli. Journal of bacteriology 185:5697‐5705. 
116.  Houben,  E.N.,  C.M.  ten  Hagen‐Jongman,  J.  Brunner,  B.  Oudega,  and  J.  Luirink.  2004.  The  two membrane 
segments of leader peptidase partition one by one into the lipid bilayer via a Sec/YidC interface. EMBO Rep 
5:970‐975. 
117.  Houben, E.N., R. Zarivach, B. Oudega, and J. Luirink. 2005. Early encounters of a nascent membrane protein: 
specificity and timing of contacts inside and outside the ribosome. J Cell Biol 170:27‐35. 
118.  Urbanus, M.L.,  L.  Froderberg, D. Drew,  P.  Bjork,  J.W.  de Gier,  J.  Brunner,  B. Oudega,  and  J.  Luirink.  2002. 
Targeting, insertion, and localization of Escherichia coli YidC. The Journal of biological chemistry 277:12718‐
12723. 
119.  Urbanus, M.L.,  P.A.  Scotti,  L.  Froderberg, A.  Saaf,  J.W. de Gier,  J.  Brunner,  J.C.  Samuelson, R.E. Dalbey,  B. 
Oudega, and J. Luirink. 2001. Sec‐dependent membrane protein insertion: sequential interaction of nascent 
FtsQ with SecY and YidC. EMBO Rep 2:524‐529. 
120.  Bernstein,  H.D.,  T.A.  Rapoport,  and  P.  Walter.  1989.  Cytosolic  protein  translocation  factors.  Is  SRP  still 
unique? Cell 58:1017‐1019. 
121.  Luirink,  J.,  C.M.  ten  Hagen‐Jongman,  C.C.  van  der  Weijden,  B.  Oudega,  S.  High,  B.  Dobberstein,  and  R. 
Kusters. 1994. An alternative protein targeting pathway in Escherichia coli: studies on the role of FtsY. The 
EMBO journal 13:2289‐2296. 
122.  Valent, Q.A., P.A. Scotti, S. High, J.W. de Gier, G. von Heijne, G. Lentzen, W. Wintermeyer, B. Oudega, and J. 
Luirink. 1998. The Escherichia coli SRP and SecB targeting pathways converge at the translocon. The EMBO 
journal 17:2504‐2512. 
123.  de  Leeuw,  E.,  D.  Poland,  O.  Mol,  I.  Sinning,  C.M.  ten  Hagen‐Jongman,  B.  Oudega,  and  J.  Luirink.  1997. 
Membrane association of FtsY, the E. coli SRP receptor. FEBS letters 416:225‐229. 
124.  de Leeuw, E., K. te Kaat, C. Moser, G. Menestrina, R. Demel, B. de Kruijff, B. Oudega, J. Luirink, and I. Sinning. 
2000. Anionic phospholipids are involved in membrane association of FtsY and stimulate its GTPase activity. 
The EMBO journal 19:531‐541. 
125.  Millman,  J.S., H.Y. Qi, F. Vulcu, H.D. Bernstein, and D.W. Andrews. 2001. FtsY binds  to  the Escherichia coli 
inner membrane  via  interactions with  phosphatidylethanolamine  and membrane  proteins. The  Journal  of 
biological chemistry 276:25982‐25989. 
126.  Angelini,  S.,  S.  Deitermann,  and  H.G.  Koch.  2005.  FtsY,  the  bacterial  signal‐recognition  particle  receptor, 
interacts functionally and physically with the SecYEG translocon. EMBO Rep 6:476‐481. 
127.  Reyes, C.L., E. Rutenber, P. Walter, and R.M. Stroud. 2007. X‐ray structures of the signal recognition particle 
receptor reveal targeting cycle intermediates. PLoS ONE 2:e607. 
128.  Shan, S.O., and P. Walter. 2005. Molecular crosstalk between the nucleotide specificity determinant of the 
SRP GTPase and the SRP receptor. Biochemistry 44:6214‐6222. 
129.  Powers,  T.,  and P. Walter.  1997.  Co‐translational  protein  targeting  catalyzed by  the  Escherichia  coli  signal 
recognition particle and its receptor. The EMBO journal 16:4880‐4886. 
References 
123 
 
130.  Egea,  P.F.,  S.O.  Shan,  J.  Napetschnig,  D.F.  Savage,  P.  Walter,  and  R.M.  Stroud.  2004.  Substrate  twinning 
activates the signal recognition particle and its receptor. Nature 427:215‐221. 
131.  Focia, P.J.,  I.V. Shepotinovskaya,  J.A. Seidler, and D.M. Freymann. 2004. Heterodimeric GTPase core of  the 
SRP targeting complex. Science 303:373‐377. 
132.  Lutcke, H., S. High, K. Romisch, A.J. Ashford, and B. Dobberstein. 1992. The methionine‐rich domain of the 54 
kDa subunit of signal  recognition particle  is sufficient  for  the  interaction with signal sequences. The EMBO 
journal 11:1543‐1551. 
133.  Romisch,  K.,  J. Webb,  K.  Lingelbach, H. Gausepohl,  and B. Dobberstein.  1990.  The  54‐kD protein  of  signal 
recognition particle contains a methionine‐rich RNA binding domain. J Cell Biol 111:1793‐1802. 
134.  Zopf, D., H.D. Bernstein, A.E. Johnson, and P. Walter. 1990. The methionine‐rich domain of the 54 kd protein 
subunit  of  the  signal  recognition  particle  contains  an  RNA  binding  site  and  can  be  crosslinked  to  a  signal 
sequence. The EMBO journal 9:4511‐4517. 
135.  Batey, R.T., R.P. Rambo, L. Lucast, B. Rha, and J.A. Doudna. 2000. Crystal structure of the ribonucleoprotein 
core of the signal recognition particle. Science 287:1232‐1239. 
136.  Keenan,  R.J.,  D.M.  Freymann,  P. Walter,  and  R.M.  Stroud.  1998.  Crystal  structure  of  the  signal  sequence 
binding subunit of the signal recognition particle. Cell 94:181‐191. 
137.  Peterson,  J.H.,  C.A. Woolhead,  and  H.D.  Bernstein.  2003.  Basic  amino  acids  in  a  distinct  subset  of  signal 
peptides  promote  interaction  with  the  signal  recognition  particle.  The  Journal  of  biological  chemistry 
278:46155‐46162. 
138.  Samuelson, J.C., M. Chen, F. Jiang, I. Moller, M. Wiedmann, A. Kuhn, G.J. Phillips, and R.E. Dalbey. 2000. YidC 
mediates membrane protein insertion in bacteria. Nature 406:637‐641. 
139.  Scotti, P.A., M.L. Urbanus, J. Brunner, J.W. de Gier, G. von Heijne, C. van der Does, A.J. Driessen, B. Oudega, 
and J. Luirink. 2000. YidC, the Escherichia coli homologue of mitochondrial Oxa1p, is a component of the Sec 
translocase. The EMBO journal 19:542‐549. 
140.  Xie, K., and R.E. Dalbey. 2008. Inserting proteins into the bacterial cytoplasmic membrane using the Sec and 
YidC translocases. Nat Rev Microbiol 6:234‐244. 
141.  Nouwen,  N.,  and  A.J.  Driessen.  2002.  SecDFyajC  forms  a  heterotetrameric  complex  with  YidC. Molecular 
microbiology 44:1397‐1405. 
142.  Xie,  K.,  D.  Kiefer,  G.  Nagler,  R.E.  Dalbey,  and  A.  Kuhn.  2006.  Different  regions  of  the  nonconserved  large 
periplasmic  domain  of  Escherichia  coli  YidC  are  involved  in  the  SecF  interaction  and membrane  insertase 
activity. Biochemistry 45:13401‐13408. 
143.  van  der  Laan,  M.,  N.  Nouwen,  and  A.J.  Driessen.  2004.  SecYEG  proteoliposomes  catalyze  the  Deltaphi‐
dependent membrane insertion of FtsQ. The Journal of biological chemistry 279:1659‐1664. 
144.  Beck,  K.,  G.  Eisner,  D.  Trescher,  R.E.  Dalbey,  J.  Brunner,  and M. Muller.  2001.  YidC,  an  assembly  site  for 
polytopic Escherichia coli membrane proteins  located  in  immediate proximity  to  the SecYE  translocon and 
lipids. EMBO Rep 2:709‐714. 
145.  Wagner, S., O. Pop, G.J. Haan, L. Baars, G. Koningstein, M.M. Klepsch, P. Genevaux,  J.  Luirink, and J.W. de 
Gier. 2008. Biogenesis of MalF and the MalFGK2 maltose transport complex in Escherichia coli requires YidC. 
The Journal of biological chemistry  
146.  Nagamori, S., I.N. Smirnova, and H.R. Kaback. 2004. Role of YidC in folding of polytopic membrane proteins. J 
Cell Biol 165:53‐62. 
147.  Ruiz, N., and T.J. Silhavy. 2005. Sensing external stress: watchdogs of the Escherichia coli cell envelope. Curr 
Opin Microbiol 8:122‐126. 
148.  Shimohata,  N.,  S.  Chiba,  N.  Saikawa,  K.  Ito,  and  Y.  Akiyama.  2002.  The  Cpx  stress  response  system  of 
Escherichia coli senses plasma membrane proteins and controls HtpX, a membrane protease with a cytosolic 
active site. Genes Cells 7:653‐662. 
149.  Shimohata,  N.,  S.  Nagamori,  Y.  Akiyama,  H.R.  Kaback,  and  K.  Ito.  2007.  SecY  alterations  that  impair 
membrane protein folding and generate a membrane stress. J Cell Biol 176:307‐317. 
150.  van Bloois,  E., H.L. Dekker,  L.  Froderberg,  E.N. Houben, M.L. Urbanus, C.G. de Koster,  J.W. de Gier,  and  J. 
Luirink. 2008. Detection of cross‐links between FtsH, YidC, HflK/C suggests a linked role for these proteins in 
quality control upon insertion of bacterial inner membrane proteins. FEBS letters 582:1419‐1424. 
151.  Samuelson, J.C., F. Jiang, L. Yi, M. Chen, J.W. de Gier, A. Kuhn, and R.E. Dalbey. 2001. Function of YidC for the 
insertion of M13 procoat protein in Escherichia coli: translocation of mutants that show differences in their 
membrane  potential  dependence  and  Sec  requirement.  The  Journal  of  biological  chemistry  276:34847‐
34852. 
152.  Serek, J., G. Bauer‐Manz, G. Struhalla, L. van den Berg, D. Kiefer, R. Dalbey, and A. Kuhn. 2004. Escherichia 
coli YidC is a membrane insertase for Sec‐independent proteins. The EMBO journal 23:294‐301. 
153.  van der Laan, M., M.L. Urbanus, C.M. Ten Hagen‐Jongman, N. Nouwen, B. Oudega, N. Harms, A.J. Driessen, 
and  J.  Luirink.  2003.  A  conserved  function  of  YidC  in  the  biogenesis  of  respiratory  chain  complexes. 
Proceedings of the National Academy of Sciences of the United States of America 100:5801‐5806. 
References 
124 
 
154.  van Bloois, E., G. Jan Haan, J.W. de Gier, B. Oudega, and J. Luirink. 2004. F(1)F(0) ATP synthase subunit c is 
targeted by the SRP to YidC in the E. coli inner membrane. FEBS letters 576:97‐100. 
155.  van der Laan, M., P. Bechtluft, S. Kol, N. Nouwen, and A.J. Driessen. 2004. F1F0 ATP synthase subunit c is a 
substrate of the novel YidC pathway for membrane protein biogenesis. J Cell Biol 165:213‐222. 
156.  Yi,  L.,  N.  Celebi,  M.  Chen,  and  R.E.  Dalbey.  2004.  Sec/SRP  requirements  and  energetics  of  membrane 
insertion of subunits a, b, and c of the Escherichia coli F1F0 ATP synthase. The Journal of biological chemistry 
279:39260‐39267. 
157.  Facey,  S.J.,  S.A. Neugebauer,  S. Krauss,  and A. Kuhn. 2007. The mechanosensitive  channel protein MscL  is 
targeted by the SRP to the novel YidC membrane insertion pathway of Escherichia coli. Journal of molecular 
biology 365:995‐1004. 
158.  Celebi, N., L. Yi, S.J. Facey, A. Kuhn, and R.E. Dalbey. 2006. Membrane biogenesis of subunit II of cytochrome 
bo  oxidase:  contrasting  requirements  for  insertion  of  N‐terminal  and  C‐terminal  domains.  Journal  of 
molecular biology 357:1428‐1436. 
159.  du Plessis, D.J., N. Nouwen, and A.J. Driessen. 2006. Subunit a of cytochrome o oxidase requires both YidC 
and SecYEG for membrane insertion. The Journal of biological chemistry 281:12248‐12252. 
160.  van Bloois,  E.,  S. Nagamori, G. Koningstein, R.S. Ullers, M. Preuss, B. Oudega, N. Harms, H.R. Kaback,  J.M. 
Herrmann,  and  J.  Luirink.  2005.  The  Sec‐independent  function  of  Escherichia  coli  YidC  is  evolutionary‐
conserved and essential. The Journal of biological chemistry 280:12996‐13003. 
161.  Dalbey,  R.E.,  and  A.  Kuhn.  2004.  YidC  family  members  are  involved  in  the  membrane  insertion,  lateral 
integration, folding, and assembly of membrane proteins. J Cell Biol 166:769‐774. 
162.  Luirink,  J., T. Samuelsson, and J.W. de Gier. 2001. YidC/Oxa1p/Alb3: evolutionarily conserved mediators of 
membrane protein assembly. FEBS letters 501:1‐5. 
163.  Jiang, F., M. Chen, L. Yi, J.W. de Gier, A. Kuhn, and R.E. Dalbey. 2003. Defining the regions of Escherichia coli 
YidC that contribute to activity. The Journal of biological chemistry 278:48965‐48972. 
164.  Oliver,  D.C.,  and  M.  Paetzel.  2008.  Crystal  structure  of  the  major  periplasmic  domain  of  the  bacterial 
membrane protein assembly facilitator YidC. The Journal of biological chemistry 283:5208‐5216. 
165.  Ravaud, S., G. Stjepanovic, K. Wild, and I. Sinning. 2008. The crystal structure of the periplasmic domain of 
the  Escherichia  coli  membrane  protein  insertase  YidC  contains  a  substrate  binding  cleft.  The  Journal  of 
biological chemistry 283:9350‐9358. 
166.  Crooke, E., and W. Wickner. 1987. Trigger factor: a soluble protein that folds pro‐OmpA into a membrane‐
assembly‐competent form. Proceedings of the National Academy of Sciences of the United States of America 
84:5216‐5220. 
167.  Young, J.C., V.R. Agashe, K. Siegers, and F.U. Hartl. 2004. Pathways of chaperone‐mediated protein folding in 
the cytosol. Nat Rev Mol Cell Biol 5:781‐791. 
168.  Agashe, V.R., S. Guha, H.C. Chang, P. Genevaux, M. Hayer‐Hartl, M. Stemp, C. Georgopoulos, F.U. Hartl, and 
J.M. Barral. 2004. Function of trigger factor and DnaK in multidomain protein folding: increase in yield at the 
expense of folding speed. Cell 117:199‐209. 
169.  Deuerling,  E.,  A.  Schulze‐Specking,  T.  Tomoyasu,  A.  Mogk,  and  B.  Bukau.  1999.  Trigger  factor  and  DnaK 
cooperate in folding of newly synthesized proteins. Nature 400:693‐696. 
170.  Genevaux, P.,  F. Keppel,  F.  Schwager, P.S.  Langendijk‐Genevaux,  F.U. Hartl,  and C. Georgopoulos. 2004.  In 
vivo analysis of the overlapping functions of DnaK and trigger factor. EMBO Rep 5:195‐200. 
171.  Teter,  S.A., W.A. Houry, D. Ang,  T.  Tradler, D. Rockabrand, G.  Fischer,  P. Blum, C. Georgopoulos,  and F.U. 
Hartl. 1999. Polypeptide  flux  through bacterial Hsp70: DnaK cooperates with  trigger  factor  in  chaperoning 
nascent chains. Cell 97:755‐765. 
172.  Ullers,  R.S.,  D.  Ang,  F.  Schwager,  C.  Georgopoulos,  and  P.  Genevaux.  2007.  Trigger  Factor  can  antagonize 
both SecB and DnaK/DnaJ chaperone functions in Escherichia coli. Proceedings of the National Academy of 
Sciences of the United States of America 104:3101‐3106. 
173.  Hesterkamp, T., S. Hauser, H. Lutcke, and B. Bukau. 1996. Escherichia coli trigger factor is a prolyl isomerase 
that  associates with  nascent  polypeptide  chains. Proceedings  of  the  National  Academy  of  Sciences  of  the 
United States of America 93:4437‐4441. 
174.  Crooke,  E.,  B.  Guthrie,  S.  Lecker,  R.  Lill,  and  W.  Wickner.  1988.  ProOmpA  is  stabilized  for  membrane 
translocation by either purified E. coli trigger factor or canine signal recognition particle. Cell 54:1003‐1011. 
175.  Stoller,  G.,  K.P.  Rucknagel,  K.H.  Nierhaus,  F.X.  Schmid,  G.  Fischer,  and  J.U.  Rahfeld.  1995.  A  ribosome‐
associated  peptidyl‐prolyl  cis/trans  isomerase  identified  as  the  trigger  factor.  The  EMBO  journal  14:4939‐
4948. 
176.  Baram, D., E. Pyetan, A. Sittner, T. Auerbach‐Nevo, A. Bashan, and A. Yonath. 2005. Structure of trigger factor 
binding domain in biologically homologous complex with eubacterial ribosome reveals its chaperone action. 
Proceedings of the National Academy of Sciences of the United States of America 102:12017‐12022. 
177.  Ferbitz, L., T. Maier, H. Patzelt, B. Bukau, E. Deuerling, and N. Ban. 2004. Trigger factor in complex with the 
ribosome forms a molecular cradle for nascent proteins. Nature 431:590‐596. 
References 
125 
 
178.  Hoffmann, A., F. Merz, A. Rutkowska, B. Zachmann‐Brand, E. Deuerling, and B. Bukau. 2006. Trigger  factor 
forms  a  protective  shield  for  nascent  polypeptides  at  the  ribosome.  The  Journal  of  biological  chemistry 
281:6539‐6545. 
179.  Kramer, G., T. Rauch, W. Rist, S. Vorderwulbecke, H. Patzelt, A. Schulze‐Specking, N. Ban, E. Deuerling, and B. 
Bukau. 2002. L23 protein functions as a chaperone docking site on the ribosome. Nature 419:171‐174. 
180.  Ullers,  R.S.,  E.N.  Houben,  J.  Brunner,  B.  Oudega,  N.  Harms,  and  J.  Luirink.  2006.  Sequence‐specific 
interactions of nascent Escherichia coli polypeptides with trigger factor and signal recognition particle. The 
Journal of biological chemistry 281:13999‐14005. 
181.  Valent,  Q.A.,  D.A.  Kendall,  S.  High,  R.  Kusters,  B.  Oudega,  and  J.  Luirink.  1995.  Early  events  in  preprotein 
recognition  in  E.  coli:  interaction  of  SRP  and  trigger  factor  with  nascent  polypeptides.  The  EMBO  journal 
14:5494‐5505. 
182.  Menetret,  J.F.,  J.  Schaletzky,  W.M.  Clemons,  Jr.,  A.R.  Osborne,  S.S.  Skanland,  C.  Denison,  S.P.  Gygi,  D.S. 
Kirkpatrick, E. Park, S.J. Ludtke, T.A. Rapoport, and C.W. Akey. 2007. Ribosome binding of a single copy of the 
SecY complex: implications for protein translocation. Mol Cell 28:1083‐1092. 
183.  Mitra, K., C. Schaffitzel, T. Shaikh, F. Tama, S. Jenni, C.L. Brooks, 3rd, N. Ban, and J. Frank. 2005. Structure of 
the E. coli protein‐conducting channel bound to a translating ribosome. Nature 438:318‐324. 
184.  Prinz, A., C. Behrens, T.A. Rapoport, E. Hartmann, and K.U. Kalies. 2000. Evolutionarily conserved binding of 
ribosomes to the translocation channel via the large ribosomal RNA. The EMBO journal 19:1900‐1906. 
185.  Zito,  C.R.,  and D. Oliver.  2003.  Two‐stage binding  of  SecA  to  the  bacterial  translocon  regulates  ribosome‐
translocon interaction. The Journal of biological chemistry 278:40640‐40646. 
186.  Lee, H.C., and H.D. Bernstein. 2002. Trigger factor retards protein export  in Escherichia coli. The Journal of 
biological chemistry 277:43527‐43535. 
187.  Hilton,  J.C.,  C.A.  Temple,  and  K.V.  Rajagopalan.  1999.  Re‐design  of  Rhodobacter  sphaeroides  dimethyl 
sulfoxide  reductase.  Enhancement  of  adenosine  N1‐oxide  reductase  activity.  The  Journal  of  biological 
chemistry 274:8428‐8436. 
188.  Sargent, F., E.G. Bogsch, N.R. Stanley, M. Wexler, C. Robinson, B.C. Berks, and T. Palmer. 1998. Overlapping 
functions of components of a bacterial Sec‐independent protein export pathway. The EMBO journal 17:3640‐
3650. 
189.  Santini,  C.L.,  B.  Ize,  A.  Chanal,  M.  Muller,  G.  Giordano,  and  L.F.  Wu.  1998.  A  novel  sec‐independent 
periplasmic protein translocation pathway in Escherichia coli. The EMBO journal 17:101‐112. 
190.  Rodrigue,  A.,  A.  Chanal,  K.  Beck, M. Muller,  and  L.F. Wu.  1999.  Co‐translocation  of  a  periplasmic  enzyme 
complex by a hitchhiker mechanism through the bacterial  tat pathway. The Journal of biological chemistry 
274:13223‐13228. 
191.  Santini, C.L., A. Bernadac, M. Zhang, A. Chanal, B. Ize, C. Blanco, and L.F. Wu. 2001. Translocation of jellyfish 
green fluorescent protein via the Tat system of Escherichia coli and change of its periplasmic localization in 
response to osmotic up‐shock. The Journal of biological chemistry 276:8159‐8164. 
192.  Spence,  E.,  M.  Sarcina,  N.  Ray,  S.G. Moller,  C.W. Mullineaux,  and  C.  Robinson.  2003. Membrane‐specific 
targeting of  green  fluorescent  protein by  the  Tat  pathway  in  the  cyanobacterium Synechocystis  PCC6803. 
Molecular microbiology 48:1481‐1489. 
193.  Thomas, J.D., R.A. Daniel, J. Errington, and C. Robinson. 2001. Export of active green fluorescent protein to 
the  periplasm  by  the  twin‐arginine  translocase  (Tat)  pathway  in  Escherichia  coli. Molecular  microbiology 
39:47‐53. 
194.  DeLisa, M.P.,  D.  Tullman,  and G.  Georgiou.  2003.  Folding  quality  control  in  the  export  of  proteins  by  the 
bacterial  twin‐arginine  translocation  pathway.  Proceedings  of  the  National  Academy  of  Sciences  of  the 
United States of America 100:6115‐6120. 
195.  Sanders,  C.,  N.  Wethkamp,  and  H.  Lill.  2001.  Transport  of  cytochrome  c  derivatives  by  the  bacterial  Tat 
protein translocation system. Molecular microbiology 41:241‐246. 
196.  Bendtsen,  J.D.,  H.  Nielsen,  D. Widdick,  T.  Palmer,  and  S.  Brunak.  2005.  Prediction  of  twin‐arginine  signal 
peptides. BMC Bioinformatics 6:167. 
197.  Dilks,  K.,  R.W.  Rose,  E.  Hartmann,  and M.  Pohlschroder.  2003.  Prokaryotic  utilization  of  the  twin‐arginine 
translocation pathway: a genomic survey. Journal of bacteriology 185:1478‐1483. 
198.  Rose, R.W., T. Bruser, J.C. Kissinger, and M. Pohlschroder. 2002. Adaptation of protein secretion to extremely 
high‐salt  conditions  by  extensive  use  of  the  twin‐arginine  translocation  pathway. Molecular  microbiology 
45:943‐950. 
199.  Gennis, R.B., and S. Ferguson‐Miller. 1996. Protein structure: proton‐pumping oxidases. Curr Biol 6:36‐38. 
200.  Bernhardt,  T.G.,  and  P.A.  de  Boer.  2003.  The  Escherichia  coli  amidase  AmiC  is  a  periplasmic  septal  ring 
component exported via the twin‐arginine transport pathway. Molecular microbiology 48:1171‐1182. 
201.  Hatzixanthis, K., T. Palmer, and F. Sargent. 2003. A subset of bacterial  inner membrane proteins integrated 
by the twin‐arginine translocase. Molecular microbiology 49:1377‐1390. 
202.  Cline, K., and M. McCaffery. 2007. Evidence for a dynamic and transient pathway through the TAT protein 
transport machinery. The EMBO journal 26:3039‐3049. 
References 
126 
 
203.  Richter,  S.,  U.  Lindenstrauss,  C.  Lucke,  R.  Bayliss,  and  T.  Bruser.  2007.  Functional  Tat  transport  of 
unstructured, small, hydrophilic proteins. The Journal of biological chemistry 282:33257‐33264. 
204.  Alami, M., D. Trescher, L.F. Wu, and M. Muller. 2002. Separate analysis of twin‐arginine translocation (Tat)‐
specific  membrane  binding  and  translocation  in  Escherichia  coli.  The  Journal  of  biological  chemistry 
277:20499‐20503. 
205.  Sargent,  F.,  U.  Gohlke,  E.  De  Leeuw,  N.R.  Stanley,  T.  Palmer,  H.R.  Saibil,  and  B.C.  Berks.  2001.  Purified 
components  of  the  Escherichia  coli  Tat  protein  transport  system  form  a  double‐layered  ring  structure. 
European journal of biochemistry / FEBS 268:3361‐3367. 
206.  Jack, R.L., F. Sargent, B.C. Berks, G. Sawers, and T. Palmer. 2001. Constitutive expression of Escherichia coli 
tat genes indicates an important role for the twin‐arginine translocase during aerobic and anaerobic growth. 
Journal of bacteriology 183:1801‐1804. 
207.  Sargent,  F.,  N.R.  Stanley,  B.C.  Berks,  and  T.  Palmer.  1999.  Sec‐independent  protein  translocation  in 
Escherichia  coli.  A  distinct  and  pivotal  role  for  the  TatB  protein.  The  Journal  of  biological  chemistry 
274:36073‐36082. 
208.  Wexler, M., F. Sargent, R.L. Jack, N.R. Stanley, E.G. Bogsch, C. Robinson, B.C. Berks, and T. Palmer. 2000. TatD 
is  a  cytoplasmic  protein with DNase  activity. No  requirement  for  TatD  family  proteins  in  sec‐independent 
protein export. The Journal of biological chemistry 275:16717‐16722. 
209.  Bogsch, E.G., F. Sargent, N.R. Stanley, B.C. Berks, C. Robinson, and T. Palmer. 1998. An essential component 
of  a  novel  bacterial  protein  export  system with  homologues  in  plastids  and mitochondria.  The  Journal  of 
biological chemistry 273:18003‐18006. 
210.  Behrendt,  J.,  K.  Standar,  U.  Lindenstrauss,  and  T.  Bruser.  2004.  Topological  studies  on  the  twin‐arginine 
translocase component TatC. FEMS microbiology letters 234:303‐308. 
211.  Ki,  J.J.,  Y.  Kawarasaki,  J.  Gam,  B.R. Harvey,  B.L.  Iverson,  and G. Georgiou.  2004.  A  periplasmic  fluorescent 
reporter  protein  and  its  application  in  high‐throughput  membrane  protein  topology  analysis.  Journal  of 
molecular biology 341:901‐909. 
212.  Punginelli, C., B. Maldonado, S. Grahl, R. Jack, M. Alami, J. Schroder, B.C. Berks, and T. Palmer. 2007. Cysteine 
scanning  mutagenesis  and  topological  mapping  of  the  Escherichia  coli  twin‐arginine  translocase  TatC 
Component. Journal of bacteriology 189:5482‐5494. 
213.  Allen, S.C., C.M. Barrett, N. Ray, and C. Robinson. 2002. Essential cytoplasmic domains in the Escherichia coli 
TatC protein. The Journal of biological chemistry 277:10362‐10366. 
214.  Barrett, C.M., D. Mangels, and C. Robinson. 2005. Mutations in subunits of the Escherichia coli twin‐arginine 
translocase block function via differing effects on translocation activity or tat complex structure. Journal of 
molecular biology 347:453‐463. 
215.  Buchanan, G., E. de Leeuw, N.R. Stanley, M. Wexler, B.C. Berks, F. Sargent, and T. Palmer. 2002. Functional 
complexity  of  the  twin‐arginine  translocase  TatC  component  revealed  by  site‐directed  mutagenesis. 
Molecular microbiology 43:1457‐1470. 
216.  Alami,  M.,  I.  Luke,  S.  Deitermann,  G.  Eisner,  H.G.  Koch,  J.  Brunner,  and  M.  Muller.  2003.  Differential 
interactions between a twin‐arginine signal peptide and its translocase in Escherichia coli. Mol Cell 12:937‐
946. 
217.  Cline,  K.,  and  H.  Mori.  2001.  Thylakoid  DeltapH‐dependent  precursor  proteins  bind  to  a  cpTatC‐Hcf106 
complex before Tha4‐dependent transport. J Cell Biol 154:719‐729. 
218.  De  Leeuw,  E.,  I.  Porcelli,  F.  Sargent,  T.  Palmer,  and  B.C.  Berks.  2001.  Membrane  interactions  and  self‐
association  of  the  TatA  and  TatB  components  of  the  twin‐arginine  translocation  pathway.  FEBS  letters 
506:143‐148. 
219.  Holzapfel, E., G. Eisner, M. Alami, C.M. Barrett, G. Buchanan, I. Luke, J.M. Betton, C. Robinson, T. Palmer, M. 
Moser, and M. Muller. 2007. The entire N‐terminal half of TatC is involved in twin‐arginine precursor binding. 
Biochemistry 46:2892‐2898. 
220.  Strauch, E.M., and G. Georgiou. 2007. Escherichia coli tatC mutations that suppress defective twin‐arginine 
transporter signal peptides. Journal of molecular biology 374:283‐291. 
221.  de  Leeuw,  E.,  T. Granjon,  I.  Porcelli, M. Alami,  S.B.  Carr, M. Muller,  F.  Sargent,  T.  Palmer,  and B.C.  Berks. 
2002. Oligomeric properties and signal peptide binding by Escherichia coli Tat protein transport complexes. 
Journal of molecular biology 322:1135‐1146. 
222.  Greene, N.P., I. Porcelli, G. Buchanan, M.G. Hicks, S.M. Schermann, T. Palmer, and B.C. Berks. 2007. Cysteine 
scanning mutagenesis and disulfide mapping studies of  the TatA component of  the bacterial  twin arginine 
translocase. The Journal of biological chemistry 282:23937‐23945. 
223.  Porcelli,  I., E. de Leeuw, R. Wallis, E. van den Brink‐van der Laan, B. de Kruijff, B.A. Wallace, T. Palmer, and 
B.C. Berks. 2002. Characterization and membrane assembly of  the TatA component of  the Escherichia coli 
twin‐arginine protein transport system. Biochemistry 41:13690‐13697. 
224.  Chan, C.S., M.R.  Zlomislic, D.P.  Tieleman, and R.J.  Turner. 2007. The TatA  subunit of  Escherichia  coli  twin‐
arginine translocase has an N‐in topology. Biochemistry 46:7396‐7404. 
References 
127 
 
225.  Gouffi, K., F. Gerard, C.L. Santini, and L.F. Wu. 2004. Dual topology of the Escherichia coli TatA protein. The 
Journal of biological chemistry 279:11608‐11615. 
226.  Lee, P.A., G. Buchanan, N.R. Stanley, B.C. Berks, and T. Palmer. 2002. Truncation analysis of TatA and TatB 
defines  the minimal  functional  units  required  for  protein  translocation.  Journal  of  bacteriology  184:5871‐
5879. 
227.  Weiner,  J.H.,  P.T. Bilous, G.M.  Shaw,  S.P.  Lubitz,  L.  Frost, G.H.  Thomas,  J.A.  Cole,  and R.J.  Turner.  1998. A 
novel  and  ubiquitous  system  for  membrane  targeting  and  secretion  of  cofactor‐containing  proteins.  Cell 
93:93‐101. 
228.  Jongbloed,  J.D., U. Martin, H. Antelmann, M. Hecker, H. Tjalsma, G. Venema, S. Bron,  J.M. van Dijl,  and  J. 
Muller.  2000.  TatC  is  a  specificity  determinant  for  protein  secretion  via  the  twin‐arginine  translocation 
pathway. The Journal of biological chemistry 275:41350‐41357. 
229.  Pop, O., U. Martin, C. Abel, and J.P. Muller. 2002. The twin‐arginine signal peptide of PhoD and the TatAd/Cd 
proteins of Bacillus subtilis form an autonomous Tat translocation system. The Journal of biological chemistry 
277:3268‐3273. 
230.  Yen, M.R., Y.H. Tseng, E.H. Nguyen, L.F. Wu, and M.H. Saier, Jr. 2002. Sequence and phylogenetic analyses of 
the twin‐arginine targeting (Tat) protein export system. Arch Microbiol 177:441‐450. 
231.  Blaudeck, N., P. Kreutzenbeck, M. Muller, G.A. Sprenger, and R. Freudl. 2005. Isolation and characterization 
of bifunctional Escherichia coli TatA mutant proteins that allow efficient tat‐dependent protein translocation 
in the absence of TatB. The Journal of biological chemistry 280:3426‐3432. 
232.  Bolhuis, A., J.E. Mathers, J.D. Thomas, C.M. Barrett, and C. Robinson. 2001. TatB and TatC form a functional 
and structural unit of the twin‐arginine translocase from Escherichia coli. The Journal of biological chemistry 
276:20213‐20219. 
233.  Oates, J., C.M. Barrett, J.P. Barnett, K.G. Byrne, A. Bolhuis, and C. Robinson. 2005. The Escherichia coli twin‐
arginine translocation apparatus incorporates a distinct form of TatABC complex, spectrum of modular TatA 
complexes and minor TatAB complex. Journal of molecular biology 346:295‐305. 
234.  Orriss, G.L., M.J. Tarry, B.  Ize, F. Sargent, S.M. Lea, T. Palmer, and B.C. Berks. 2007. TatBC, TatB, and TatC 
form  structurally  autonomous  units within  the  twin  arginine  protein  transport  system  of  Escherichia  coli. 
FEBS letters 581:4091‐4097. 
235.  Lee, P.A., G.L. Orriss, G. Buchanan, N.P. Greene, P.J. Bond, C. Punginelli, R.L. Jack, M.S. Sansom, B.C. Berks, 
and T. Palmer. 2006. Cysteine‐scanning mutagenesis and disulfide mapping studies of the conserved domain 
of the twin‐arginine translocase TatB component. The Journal of biological chemistry 281:34072‐34085. 
236.  Gerard,  F.,  and K. Cline.  2006.  Efficient  twin arginine  translocation  (Tat) pathway  transport of  a precursor 
protein covalently anchored to  its  initial cpTatC binding site. The Journal of biological chemistry 281:6130‐
6135. 
237.  Gohlke, U., L. Pullan, C.A. McDevitt, I. Porcelli, E. de Leeuw, T. Palmer, H.R. Saibil, and B.C. Berks. 2005. The 
TatA  component  of  the  twin‐arginine  protein  transport  system  forms  channel  complexes  of  variable 
diameter.  Proceedings  of  the  National  Academy  of  Sciences  of  the  United  States  of  America  102:10482‐
10486. 
238.  Dabney‐Smith, C., H. Mori, and K. Cline. 2006. Oligomers of Tha4 organize at the thylakoid Tat translocase 
during protein transport. The Journal of biological chemistry 281:5476‐5483. 
239.  Gerard, F., and K. Cline. 2007. The thylakoid proton gradient promotes an advanced stage of signal peptide 
binding deep within the Tat pathway receptor complex. The Journal of biological chemistry 282:5263‐5272. 
240.  Mori, H., and K. Cline. 2002. A twin arginine signal peptide and the pH gradient trigger reversible assembly of 
the thylakoid [Delta]pH/Tat translocase. J Cell Biol 157:205‐210. 
241.  Shanmugham, A., H.W. Wong Fong Sang, Y.J. Bollen, and H. Lill. 2006. Membrane binding of  twin arginine 
preproteins as an early step in translocation. Biochemistry 45:2243‐2249. 
242.  Alder, N.N., and S.M. Theg. 2003. Energetics of protein transport across biological membranes. a study of the 
thylakoid DeltapH‐dependent/cpTat pathway. Cell 112:231‐242. 
243.  Braun,  N.A.,  A.W.  Davis,  and  S.M.  Theg.  2007.  The  chloroplast  Tat  pathway  utilizes  the  transmembrane 
electric potential as an energy source. Biophys J 93:1993‐1998. 
244.  Sargent, F. 2007. The  twin‐arginine  transport  system: moving  folded proteins across membranes. Biochem 
Soc Trans 35:835‐847. 
245.  Henderson,  I.R.,  F.  Navarro‐Garcia, M.  Desvaux,  R.C.  Fernandez,  and  D.  Ala'Aldeen.  2004.  Type  V  protein 
secretion pathway: the autotransporter story. Microbiol Mol Biol Rev 68:692‐744. 
246.  Pallen, M.J.,  R.R.  Chaudhuri,  and  I.R.  Henderson.  2003.  Genomic  analysis  of  secretion  systems. Curr  Opin 
Microbiol 6:519‐527. 
247.  Yen, M.R., C.R. Peabody, S.M. Partovi, Y. Zhai, Y.H. Tseng, and M.H. Saier. 2002. Protein‐translocating outer 
membrane porins of Gram‐negative bacteria. Biochimica et biophysica acta 1562:6‐31. 
248.  Henderson,  I.R.,  and  J.P.  Nataro.  2001.  Virulence  functions  of  autotransporter  proteins.  Infection  and 
immunity 69:1231‐1243. 
References 
128 
 
249.  Pohlner,  J.,  R.  Halter,  K.  Beyreuther,  and  T.F. Meyer.  1987.  Gene  structure  and  extracellular  secretion  of 
Neisseria gonorrhoeae IgA protease. Nature 325:458‐462. 
250.  Jacob‐Dubuisson, F., R. Fernandez, and L. Coutte. 2004. Protein secretion through autotransporter and two‐
partner pathways. Biochimica et biophysica acta 1694:235‐257. 
251.  Mazar,  J.,  and  P.A.  Cotter.  2007.  New  insight  into  the  molecular  mechanisms  of  two‐partner  secretion. 
Trends in microbiology 15:508‐515. 
252.  Gentle,  I.E.,  L.  Burri,  and  T.  Lithgow.  2005.  Molecular  architecture  and  function  of  the  Omp85  family  of 
proteins. Molecular microbiology 58:1216‐1225. 
253.  Oomen,  C.J.,  P.  van  Ulsen,  P.  van  Gelder,  M.  Feijen,  J.  Tommassen,  and  P.  Gros.  2004.  Structure  of  the 
translocator domain of a bacterial autotransporter. The EMBO journal 23:1257‐1266. 
254.  Voulhoux, R., M.P. Bos, J. Geurtsen, M. Mols, and J. Tommassen. 2003. Role of a highly conserved bacterial 
protein in outer membrane protein assembly. Science 299:262‐265. 
255.  Cotter,  S.E.,  N.K.  Surana,  and  J.W.  St  Geme,  3rd.  2005.  Trimeric  autotransporters:  a  distinct  subfamily  of 
autotransporter proteins. Trends in microbiology 13:199‐205. 
256.  Otto, B.R., R. Sijbrandi, J. Luirink, B. Oudega, J.G. Heddle, K. Mizutani, S.Y. Park, and J.R. Tame. 2005. Crystal 
structure of hemoglobin protease, a heme binding autotransporter protein from pathogenic Escherichia coli. 
The Journal of biological chemistry 280:17339‐17345. 
257.  Emsley, P., I.G. Charles, N.F. Fairweather, and N.W. Isaacs. 1996. Structure of Bordetella pertussis virulence 
factor P.69 pertactin. Nature 381:90‐92. 
258.  Gangwer, K.A., D.J. Mushrush, D.L.  Stauff, B.  Spiller, M.S. McClain, T.L. Cover,  and D.B.  Lacy. 2007. Crystal 
structure of the Helicobacter pylori vacuolating toxin p55 domain. Proceedings of the National Academy of 
Sciences of the United States of America 104:16293‐16298. 
259.  Junker, M.,  C.C.  Schuster,  A.V. McDonnell,  K.A.  Sorg, M.C.  Finn,  B.  Berger,  and  P.L.  Clark.  2006.  Pertactin 
beta‐helix  folding mechanism  suggests  common  themes  for  the  secretion  and  folding  of  autotransporter 
proteins. Proceedings of the National Academy of Sciences of the United States of America 103:4918‐4923. 
260.  Clantin, B., H. Hodak, E. Willery, C. Locht, F. Jacob‐Dubuisson, and V. Villeret. 2004. The crystal structure of 
filamentous  hemagglutinin  secretion  domain  and  its  implications  for  the  two‐partner  secretion  pathway. 
Proceedings of the National Academy of Sciences of the United States of America 101:6194‐6199. 
261.  Nummelin, H., M.C. Merckel, J.C. Leo, H. Lankinen, M. Skurnik, and A. Goldman. 2004. The Yersinia adhesin 
YadA collagen‐binding domain structure is a novel left‐handed parallel beta‐roll. The EMBO journal 23:701‐
711. 
262.  Oliver,  D.C.,  G.  Huang,  E.  Nodel,  S.  Pleasance,  and  R.C.  Fernandez.  2003.  A  conserved  region  within  the 
Bordetella  pertussis  autotransporter  BrkA  is  necessary  for  folding  of  its  passenger  domain.  Molecular 
microbiology 47:1367‐1383. 
263.  Renn,  J.P.,  and  P.L.  Clark.  2008.  A  conserved  stable  core  structure  in  the  passenger  domain  beta‐helix  of 
autotransporter virulence proteins. Biopolymers 89:420‐427. 
264.  Loveless,  B.J.,  and  M.H.  Saier,  Jr.  1997.  A  novel  family  of  channel‐forming,  autotransporting,  bacterial 
virulence factors. Mol Membr Biol 14:113‐123. 
265.  Barnard,  T.J.,  N.  Dautin,  P.  Lukacik,  H.D.  Bernstein,  and  S.K.  Buchanan.  2007.  Autotransporter  structure 
reveals intra‐barrel cleavage followed by conformational changes. Nat Struct Mol Biol 14:1214‐1220. 
266.  Dautin, N., T.J. Barnard, D.E. Anderson, and H.D. Bernstein. 2007. Cleavage of a bacterial autotransporter by 
an evolutionarily convergent autocatalytic mechanism. The EMBO journal 26:1942‐1952. 
267.  Meng,  G.,  N.K.  Surana,  J.W.  St  Geme,  3rd,  and  G.  Waksman.  2006.  Structure  of  the  outer  membrane 
translocator domain of the Haemophilus influenzae Hia trimeric autotransporter. The EMBO journal 25:2297‐
2304. 
268.  Clantin, B., A.S. Delattre, P. Rucktooa, N. Saint, A.C. Meli, C. Locht, F. Jacob‐Dubuisson, and V. Villeret. 2007. 
Structure of  the membrane protein  FhaC:  a member of  the Omp85‐TpsB  transporter  superfamily. Science 
317:957‐961. 
269.  Brandon, L.D., N. Goehring, A. Janakiraman, A.W. Yan, T. Wu, J. Beckwith, and M.B. Goldberg. 2003. IcsA, a 
polarly  localized  autotransporter  with  an  atypical  signal  peptide,  uses  the  Sec  apparatus  for  secretion, 
although the Sec apparatus is circumferentially distributed. Molecular microbiology 50:45‐60. 
270.  Henderson,  I.R.,  F. Navarro‐Garcia,  and  J.P. Nataro.  1998.  The great escape:  structure and  function of  the 
autotransporter proteins. Trends in microbiology 6:370‐378. 
271.  Coutte,  L.,  R.  Antoine,  H.  Drobecq,  C.  Locht,  and  F.  Jacob‐Dubuisson.  2001.  Subtilisin‐like  autotransporter 
serves as maturation protease in a bacterial secretion pathway. The EMBO journal 20:5040‐5048. 
272.  Odenbreit, S., M. Till, D. Hofreuter, G. Faller, and R. Haas. 1999. Genetic and functional characterization of 
the  alpAB  gene  locus  essential  for  the  adhesion  of Helicobacter  pylori  to  human  gastric  tissue. Molecular 
microbiology 31:1537‐1548. 
273.  van Ulsen, P., L. van Alphen,  J.  ten Hove, F. Fransen, P. van der Ley, and J. Tommassen. 2003. A Neisserial 
autotransporter NalP modulating the processing of other autotransporters. Molecular microbiology 50:1017‐
1030. 
References 
129 
 
274.  Brunder,  W.,  H.  Schmidt,  and  H.  Karch.  1997.  EspP,  a  novel  extracellular  serine  protease  of 
enterohaemorrhagic Escherichia coli O157:H7 cleaves human coagulation  factor V. Molecular microbiology 
24:767‐778. 
275.  Barenkamp,  S.J.,  and  J.W.  St  Geme,  3rd.  1996.  Identification  of  a  second  family  of  high‐molecular‐weight 
adhesion proteins expressed by non‐typable Haemophilus influenzae. Molecular microbiology 19:1215‐1223. 
276.  Lambert‐Buisine, C.,  E. Willery,  C.  Locht,  and F.  Jacob‐Dubuisson.  1998. N‐terminal  characterization of  the 
Bordetella pertussis filamentous haemagglutinin. Molecular microbiology 28:1283‐1293. 
277.  Desvaux, M., L.M. Cooper, N.A. Filenko, A. Scott‐Tucker, S.M. Turner, J.A. Cole, and I.R. Henderson. 2006. The 
unusual extended signal peptide region of the type V secretion system is phylogenetically restricted. FEMS 
microbiology letters 264:22‐30. 
278.  Peterson,  J.H.,  R.L.  Szabady,  and  H.D.  Bernstein.  2006.  An  unusual  signal  peptide  extension  inhibits  the 
binding of bacterial presecretory proteins  to  the signal  recognition particle,  trigger  factor, and  the SecYEG 
complex. The Journal of biological chemistry 281:9038‐9048. 
279.  Chevalier, N., M. Moser, H.G. Koch, K.L. Schimz, E. Willery, C. Locht, F. Jacob‐Dubuisson, and M. Muller. 2004. 
Membrane targeting of a bacterial virulence factor harbouring an extended signal peptide. J Mol Microbiol 
Biotechnol 8:7‐18. 
280.  Szabady, R.L.,  J.H. Peterson, K.M.  Skillman,  and H.D. Bernstein.  2005. An unusual  signal peptide  facilitates 
late steps in the biogenesis of a bacterial autotransporter. Proceedings of the National Academy of Sciences 
of the United States of America 102:221‐226. 
281.  Brandon,  L.D.,  and  M.B.  Goldberg.  2001.  Periplasmic  transit  and  disulfide  bond  formation  of  the 
autotransported Shigella protein IcsA. Journal of bacteriology 183:951‐958. 
282.  Jose, J., J. Kramer, T. Klauser, J. Pohlner, and T.F. Meyer. 1996. Absence of periplasmic DsbA oxidoreductase 
facilitates  export  of  cysteine‐containing  passenger  proteins  to  the  Escherichia  coli  cell  surface  via  the  Iga 
beta autotransporter pathway. Gene 178:107‐110. 
283.  Skillman,  K.M.,  T.J.  Barnard,  J.H.  Peterson, R. Ghirlando,  and H.D. Bernstein.  2005.  Efficient  secretion of  a 
folded protein domain by a monomeric bacterial autotransporter. Molecular microbiology 58:945‐958. 
284.  Veiga,  E.,  V.  de  Lorenzo,  and  L.A.  Fernandez.  2004.  Structural  tolerance  of  bacterial  autotransporters  for 
folded passenger protein domains. Molecular microbiology 52:1069‐1080. 
285.  Ieva,  R.,  K.M.  Skillman,  and  H.D.  Bernstein.  2008.  Incorporation  of  a  polypeptide  segment  into  the  beta‐
domain pore during the assembly of a bacterial autotransporter. Molecular microbiology 67:188‐201. 
286.  Fischer, W., R. Buhrdorf, E. Gerland, and R. Haas. 2001. Outer membrane targeting of passenger proteins by 
the vacuolating cytotoxin autotransporter of Helicobacter pylori. Infection and immunity 69:6769‐6775. 
287.  Jose, J., and D. Zangen. 2005. Autodisplay of the protease inhibitor aprotinin in Escherichia coli. Biochemical 
and biophysical research communications 333:1218‐1226. 
288.  Kjaergaard,  K.,  H.  Hasman,  M.A.  Schembri,  and  P.  Klemm.  2002.  Antigen  43‐mediated  autotransporter 
display, a versatile bacterial cell surface presentation system. Journal of bacteriology 184:4197‐4204. 
289.  Klauser, T., J. Pohlner, and T.F. Meyer. 1990. Extracellular transport of cholera toxin B subunit using Neisseria 
IgA  protease  beta‐domain:  conformation‐dependent  outer  membrane  translocation.  The  EMBO  journal 
9:1991‐1999. 
290.  Klauser,  T.,  J.  Pohlner,  and  T.F. Meyer.  1992.  Selective  extracellular  release  of  cholera  toxin  B  subunit  by 
Escherichia  coli:  dissection  of  Neisseria  Iga  beta‐mediated  outer membrane  transport.  The  EMBO  journal 
11:2327‐2335. 
291.  Konieczny, M.P., M. Suhr, A. Noll, I.B. Autenrieth, and M. Alexander Schmidt. 2000. Cell surface presentation 
of  recombinant  (poly‐)  peptides  including  functional  T‐cell  epitopes  by  the  AIDA  autotransporter  system. 
FEMS Immunol Med Microbiol 27:321‐332. 
292.  Lattemann, C.T., J. Maurer, E. Gerland, and T.F. Meyer. 2000. Autodisplay: functional display of active beta‐
lactamase on the surface of Escherichia coli by the AIDA‐I autotransporter. Journal of bacteriology 182:3726‐
3733. 
293.  Maurer,  J.,  J.  Jose, and T.F. Meyer. 1997. Autodisplay: one‐component  system  for efficient  surface display 
and release of soluble recombinant proteins from Escherichia coli. Journal of bacteriology 179:794‐804. 
294.  Rutherford,  N.,  M.E.  Charbonneau,  F.  Berthiaume,  J.M.  Betton,  and  M.  Mourez.  2006.  The  periplasmic 
folding  of  a  cysteineless  autotransporter  passenger  domain  interferes  with  its  outer  membrane 
translocation. Journal of bacteriology 188:4111‐4116. 
295.  Suzuki, T., M.C. Lett, and C. Sasakawa. 1995. Extracellular transport of VirG protein in Shigella. The Journal of 
biological chemistry 270:30874‐30880. 
296.  Veiga,  E.,  V.  de  Lorenzo,  and  L.A.  Fernandez.  1999.  Probing  secretion  and  translocation  of  a  beta‐
autotransporter  using  a  reporter  single‐chain  Fv  as  a  cognate  passenger  domain. Molecular microbiology 
33:1232‐1243. 
297.  Veiga,  E.,  E.  Sugawara,  H.  Nikaido,  V.  de  Lorenzo,  and  L.A.  Fernandez.  2002.  Export  of  autotransported 
proteins  proceeds  through  an  oligomeric  ring  shaped  by  C‐terminal  domains. The  EMBO  journal  21:2122‐
2131. 
References 
130 
 
298.  Klauser, T., J. Kramer, K. Otzelberger, J. Pohlner, and T.F. Meyer. 1993. Characterization of the Neisseria Iga 
beta‐core.  The essential  unit  for outer membrane  targeting  and extracellular protein  secretion.  Journal  of 
molecular biology 234:579‐593. 
299.  Klauser, T., J. Pohlner, and T.F. Meyer. 1993. The secretion pathway of IgA protease‐type proteins in gram‐
negative bacteria. Bioessays 15:799‐805. 
300.  Muller,  D.,  I.  Benz,  D.  Tapadar,  C.  Buddenborg,  L.  Greune,  and M.A.  Schmidt.  2005.  Arrangement  of  the 
translocator of the autotransporter adhesin involved in diffuse adherence on the bacterial surface. Infection 
and immunity 73:3851‐3859. 
301.  Bernstein,  H.D.  2007.  Are  bacterial  'autotransporters'  really  transporters?  Trends  in microbiology  15:441‐
447. 
302.  Wu, T.,  J. Malinverni, N. Ruiz,  S. Kim, T.J.  Silhavy,  and D. Kahne. 2005.  Identification of a multicomponent 
complex required for outer membrane biogenesis in Escherichia coli. Cell 121:235‐245. 
303.  Jain, S., and M.B. Goldberg. 2007. Requirement for YaeT in the outer membrane assembly of autotransporter 
proteins. Journal of bacteriology 189:5393‐5398. 
304.  Jacob‐Dubuisson,  F.,  C.  El‐Hamel,  N.  Saint,  S.  Guedin,  E.  Willery,  G.  Molle,  and  C.  Locht.  1999.  Channel 
formation  by  FhaC,  the  outer  membrane  protein  involved  in  the  secretion  of  the  Bordetella  pertussis 
filamentous hemagglutinin. The Journal of biological chemistry 274:37731‐37735. 
305.  Konninger, U.W., S. Hobbie, R. Benz, and V. Braun. 1999. The haemolysin‐secreting ShlB protein of the outer 
membrane  of  Serratia  marcescens:  determination  of  surface‐exposed  residues  and  formation  of  ion‐
permeable  pores  by  ShlB  mutants  in  artificial  lipid  bilayer  membranes. Molecular  microbiology  32:1212‐
1225. 
306.  Meli,  A.C.,  H.  Hodak,  B.  Clantin,  C.  Locht,  G.  Molle,  F.  Jacob‐Dubuisson,  and  N.  Saint.  2006.  Channel 
properties of TpsB transporter FhaC point to two functional domains with a C‐terminal protein‐conducting 
pore. The Journal of biological chemistry 281:158‐166. 
307.  Surana,  N.K.,  A.Z.  Buscher,  G.G.  Hardy,  S.  Grass,  T.  Kehl‐Fie,  and  J.W.  St  Geme,  3rd.  2006.  Translocator 
proteins  in  the  two‐partner  secretion  family  have  multiple  domains.  The  Journal  of  biological  chemistry 
281:18051‐18058. 
308.  Gutensohn, M., E. Fan, S. Frielingsdorf, P. Hanner, B. Hou, B. Hust, and R.B. Klosgen. 2006. Toc, Tic, Tat et al.: 
structure and function of protein transport machineries in chloroplasts. J Plant Physiol 163:333‐347. 
309.  Kessler, F., and D.J. Schnell. 2004. Chloroplast protein import: solve the GTPase riddle for entry. Trends in cell 
biology 14:334‐338. 
310.  Robert, V., E.B. Volokhina, F. Senf, M.P. Bos, P. Van Gelder, and J. Tommassen. 2006. Assembly factor Omp85 
recognizes its outer membrane protein substrates by a species‐specific C‐terminal motif. PLoS Biol 4:e377. 
311.  Otto,  B.R.,  S.J.  van  Dooren,  C.M.  Dozois,  J.  Luirink,  and  B.  Oudega.  2002.  Escherichia  coli  hemoglobin 
protease  autotransporter  contributes  to  synergistic  abscess  formation  and  heme‐dependent  growth  of 
Bacteroides fragilis. Infection and immunity 70:5‐10. 
312.  Otto, B.R., S.J. van Dooren,  J.H. Nuijens,  J. Luirink, and B. Oudega. 1998. Characterization of a hemoglobin 
protease secreted by the pathogenic Escherichia coli strain EB1. J Exp Med 188:1091‐1103. 
313.  Yen, Y.T., M. Kostakioti, I.R. Henderson, and C. Stathopoulos. 2008. Common themes and variations in serine 
protease autotransporters. Trends in microbiology  
314.  von Heijne, G. 1990. The signal peptide. The Journal of membrane biology 115:195‐201. 
315.  Mori, H., and K. Ito. 2001. The Sec protein‐translocation pathway. Trends in microbiology 9:494‐500. 
316.  Beha, D.,  S. Deitermann, M. Muller,  and H.G. Koch. 2003.  Export of beta‐lactamase  is  independent of  the 
signal recognition particle. The Journal of biological chemistry 278:22161‐22167. 
317.  Berks, B.C., T. Palmer, and F. Sargent. 2003. The Tat protein translocation pathway and its role in microbial 
physiology. Advances in microbial physiology 47:187‐254. 
318.  Oresnik,  I.J.,  C.L.  Ladner,  and  R.J.  Turner.  2001.  Identification  of  a  twin‐arginine  leader‐binding  protein. 
Molecular microbiology 40:323‐331. 
319.  Papish,  A.L.,  C.L.  Ladner,  and  R.J.  Turner.  2003.  The  twin‐arginine  leader‐binding  protein,  DmsD,  interacts 
with  the TatB and TatC subunits of  the Escherichia coli  twin‐arginine  translocase. The  Journal of biological 
chemistry 278:32501‐32506. 
320.  Ray, N., J. Oates, R.J. Turner, and C. Robinson. 2003. DmsD is required for the biogenesis of DMSO reductase 
in Escherichia coli but not for the interaction of the DmsA signal peptide with the Tat apparatus. FEBS letters 
534:156‐160. 
321.  Deuerling, E., H. Patzelt, S. Vorderwulbecke, T. Rauch, G. Kramer, E. Schaffitzel, A. Mogk, A. Schulze‐Specking, 
H.  Langen,  and B.  Bukau.  2003.  Trigger  Factor  and DnaK possess  overlapping  substrate  pools  and binding 
specificities. Molecular microbiology 47:1317‐1328. 
322.  Frydman,  J.  2001.  Folding  of  newly  translated  proteins  in  vivo:  the  role  of molecular  chaperones. Annual 
review of biochemistry 70:603‐647. 
323.  Osborne,  R.S.,  and  T.J.  Silhavy.  1993.  PrlA  suppressor mutations  cluster  in  regions  corresponding  to  three 
distinct topological domains. The EMBO journal 12:3391‐3398. 
References 
131 
 
324.  Bruser, T., and C. Sanders. 2003. An alternative model of the twin arginine translocation system. Microbiol 
Res 158:7‐17. 
325.  Miller, J.H. 1992. A short course in bacterial genetics: A laboratory manual and handbook for Escherichia coli 
and related bacteria. Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NY  
326.  Casadaban, M.J.  1976.  Transposition and  fusion of  the  lac  genes  to  selected promoters  in  Escherichia  coli 
using bacteriophage lambda and Mu. Journal of molecular biology 104:541‐555. 
327.  Guzman,  L.M.,  D.  Belin,  M.J.  Carson,  and  J.  Beckwith.  1995.  Tight  regulation,  modulation,  and  high‐level 
expression by vectors containing the arabinose PBAD promoter. Journal of bacteriology 177:4121‐4130. 
328.  Desvaux, M., A. Scott‐Tucker, S.M. Turner, L.M. Cooper, D. Huber, J.P. Nataro, and I.R. Henderson. 2007. A 
conserved  extended  signal  peptide  region  directs  posttranslational  protein  translocation  via  a  novel 
mechanism. Microbiology (Reading, England) 153:59‐70. 
329.  Jong, W.S., C.M. ten Hagen‐Jongman, P. Genevaux, J. Brunner, B. Oudega, and J. Luirink. 2004. Trigger factor 
interacts with the signal peptide of nascent Tat substrates but does not play a critical role in Tat‐mediated 
export. European journal of biochemistry / FEBS 271:4779‐4787. 
330.  Jensen,  C.G.,  and  S.  Pedersen.  1994.  Concentrations  of  4.5S  RNA  and  Ffh  protein  in  Escherichia  coli:  the 
stability  of  Ffh  protein  is  dependent  on  the  concentration  of  4.5S  RNA.  Journal  of  bacteriology  176:7148‐
7154. 
331.  Kusters, R., T. de Vrije, E. Breukink, and B. de Kruijff. 1989. SecB protein stabilizes a translocation‐competent 
state of purified prePhoE protein. The Journal of biological chemistry 264:20827‐20830. 
332.  Matoba,  S.,  and  D.M.  Ogrydziak.  1998.  Another  factor  besides  hydrophobicity  can  affect  signal  peptide 
interaction with signal recognition particle. The Journal of biological chemistry 273:18841‐18847. 
333.  Jong, W.S., C.M. ten Hagen‐Jongman, T. den Blaauwen, D.J. Slotboom, J.R. Tame, D. Wickstrom, J.W. de Gier, 
B.R.  Otto,  and  J.  Luirink.  2007.  Limited  tolerance  towards  folded  elements  during  secretion  of  the 
autotransporter Hbp. Molecular microbiology 63:1524‐1536. 
334.  Luirink, J., S. High, H. Wood, A. Giner, D. Tollervey, and B. Dobberstein. 1992. Signal‐sequence recognition by 
an Escherichia coli ribonucleoprotein complex. Nature 359:741‐743. 
335.  Jong, W.S., and J. Luirink. 2008. The conserved extension of the Hbp autotransporter signal peptide does not 
determine targeting pathway specificity. Biochemical and biophysical research communications 368:522‐527. 
336.  Shimohata, N., Y. Akiyama, and K. Ito. 2005. Peculiar properties of DsbA in its export across the Escherichia 
coli cytoplasmic membrane. Journal of bacteriology 187:3997‐4004. 
337.  Pradel,  N.,  A.  Decorps,  C.  Ye,  C.L.  Santini,  and  L.F.  Wu.  2005.  YidC‐dependent  translocation  of  green 
fluorescence protein fused to the FliP cleavable signal peptide. Biochimie 87:191‐196. 
338.  Saaf,  A.,  M.  Monne,  J.W.  de  Gier,  and  G.  von  Heijne.  1998.  Membrane  topology  of  the  60‐kDa  Oxa1p 
homologue from Escherichia coli. The Journal of biological chemistry 273:30415‐30418. 
339.  van  Bloois,  E.,  C.M.  ten  Hagen‐Jongman,  and  J.  Luirink.  2007.  Flexibility  in  targeting  and  insertion  during 
bacterial membrane protein biogenesis. Biochemical and biophysical research communications 362:727‐733. 
340.  Brunner,  J. 1989. Photochemical  labeling of apolar phase of membranes. Methods  in enzymology 172:628‐
687. 
341.  Houben, E.N., P.A. Scotti, Q.A. Valent, J. Brunner, J.L. de Gier, B. Oudega, and J. Luirink. 2000. Nascent Lep 
inserts into the Escherichia coli inner membrane in the vicinity of YidC, SecY and SecA. FEBS letters 476:229‐
233. 
342.  Strauch,  K.L.,  and  J.  Beckwith.  1988.  An  Escherichia  coli  mutation  preventing  degradation  of  abnormal 
periplasmic  proteins.  Proceedings  of  the  National  Academy  of  Sciences  of  the  United  States  of  America 
85:1576‐1580. 
343.  Wang,  R.F.,  and  S.R.  Kushner.  1991.  Construction  of  versatile  low‐copy‐number  vectors  for  cloning, 
sequencing and gene expression in Escherichia coli. Gene 100:195‐199. 
344.  Giacalone,  M.J.,  A.M.  Gentile,  B.T.  Lovitt,  N.L.  Berkley,  C.W.  Gunderson,  and  M.W.  Surber.  2006.  Toxic 
protein  expression  in  Escherichia  coli  using  a  rhamnose‐based  tightly  regulated  and  tunable  promoter 
system. BioTechniques 40:355‐364. 
345.  Nandakumar, M.P.,  A.  Cheung,  and M.R. Marten.  2006.  Proteomic  analysis  of  extracellular  proteins  from 
Escherichia coli W3110. Journal of proteome research 5:1155‐1161. 
346.  Chattopadhyaya, R., W.E. Meador, A.R. Means, and F.A. Quiocho. 1992. Calmodulin structure refined at 1.7 A 
resolution. Journal of molecular biology 228:1177‐1192. 
347.  Hazes,  B.,  and  B.W.  Dijkstra.  1988.  Model  building  of  disulfide  bonds  in  proteins  with  known  three‐
dimensional structure. Protein engineering 2:119‐125. 
348.  van Dooren,  S.J.,  J.R.  Tame,  J.  Luirink, B. Oudega,  and B.R. Otto.  2001.  Purification of  the autotransporter 
protein Hbp of Escherichia coli. FEMS microbiology letters 205:147‐150. 
349.  Ritz,  D.,  and  J.  Beckwith.  2001.  Roles  of  thiol‐redox  pathways  in  bacteria. Annual  review  of microbiology 
55:21‐48. 
350.  Adams,  T.M.,  A.  Wentzel,  and  H.  Kolmar.  2005.  Intimin‐mediated  export  of  passenger  proteins  requires 
maintenance of a translocation‐competent conformation. Journal of bacteriology 187:522‐533. 
References 
132 
 
351.  Guerini, D., and J. Krebs. 1983. Influence of temperature and denaturing agents on the structural stability of 
calmodulin. A 1H‐nuclear magnetic resonance study. FEBS letters 164:105‐110. 
352.  Zhang,  M.,  T.  Tanaka,  and  M.  Ikura.  1995.  Calcium‐induced  conformational  transition  revealed  by  the 
solution structure of apo calmodulin. Nature structural biology 2:758‐767. 
353.  Letley,  D.P.,  J.L.  Rhead,  K.  Bishop,  and  J.C.  Atherton.  2006.  Paired  cysteine  residues  are  required  for  high 
levels of the Helicobacter pylori autotransporter VacA. Microbiology (Reading, England) 152:1319‐1325. 
354.  Desmyter, A., S. Spinelli, F. Payan, M. Lauwereys, L. Wyns, S. Muyldermans, and C. Cambillau. 2002. Three 
camelid VHH domains in complex with porcine pancreatic alpha‐amylase. Inhibition and versatility of binding 
topology. The Journal of biological chemistry 277:23645‐23650. 
355.  Merritt,  E.A.,  Z.  Zhang,  J.C.  Pickens,  M.  Ahn,  W.G.  Hol,  and  E.  Fan.  2002.  Characterization  and  crystal 
structure  of  a  high‐affinity  pentavalent  receptor‐binding  inhibitor  for  cholera  toxin  and  E.  coli  heat‐labile 
enterotoxin. Journal of the American Chemical Society 124:8818‐8824. 
356.  Zahnd,  C.,  S.  Spinelli,  B.  Luginbuhl,  P.  Amstutz,  C.  Cambillau,  and  A.  Pluckthun.  2004.  Directed  in  vitro 
evolution and crystallographic analysis of a peptide‐binding single chain antibody fragment (scFv) with  low 
picomolar affinity. The Journal of biological chemistry 279:18870‐18877. 
357.  Purdy, G.E., M. Hong, and S.M. Payne. 2002. Shigella flexneri DegP facilitates IcsA surface expression and is 
required for efficient intercellular spread. Infection and immunity 70:6355‐6364. 
358.  Hashemzadeh‐Bonehi, L., F. Mehraein‐Ghomi, C. Mitsopoulos,  J.P.  Jacob, E.S. Hennessey, and J.K. Broome‐
Smith.  1998.  Importance  of  using  lac  rather  than  ara  promoter  vectors  for modulating  the  levels  of  toxic 
gene products in Escherichia coli. Molecular microbiology 30:676‐678. 
359.  De Vrije, T., J. Tommassen, and B. De Kruijff. 1987. Optimal posttranslational translocation of the precursor 
of PhoE protein across Escherichia coli membrane vesicles  requires both ATP and  the protonmotive  force. 
Biochimica et biophysica acta 900:63‐72. 
360.  Den Blaauwen,  T., M.E.  Aarsman, N.O.  Vischer,  and N. Nanninga.  2003.  Penicillin‐binding  protein  PBP2  of 
Escherichia coli localizes preferentially in the lateral wall and at mid‐cell in comparison with the old cell pole. 
Molecular microbiology 47:539‐547. 
361.  Filip,  C.,  G.  Fletcher,  J.L.  Wulff,  and  C.F.  Earhart.  1973.  Solubilization  of  the  cytoplasmic  membrane  of 
Escherichia coli by the ionic detergent sodium‐lauryl sarcosinate. Journal of bacteriology 115:717‐722. 
362.  Lill,  R.,  E.  Crooke,  B.  Guthrie,  and  W.  Wickner.  1988.  The  "trigger  factor  cycle"  includes  ribosomes, 
presecretory proteins, and the plasma membrane. Cell 54:1013‐1018. 
363.  Perez‐Rodriguez, R., A.C. Fisher, J.D. Perlmutter, M.G. Hicks, A. Chanal, C.L. Santini, L.F. Wu, T. Palmer, and 
M.P.  DeLisa.  2007.  An  essential  role  for  the  DnaK  molecular  chaperone  in  stabilizing  over‐expressed 
substrate  proteins  of  the  bacterial  twin‐arginine  translocation  pathway.  Journal  of  molecular  biology 
367:715‐730. 
364.  Graubner, W.,  A.  Schierhorn,  and  T.  Bruser.  2007. DnaK  plays  a  pivotal  role  in  Tat  targeting  of  CueO  and 
functions  beside  SlyD  as  a  general  Tat  signal  binding  chaperone.  The  Journal  of  biological  chemistry 
282:7116‐7124. 
365.  Hatzixanthis,  K.,  T.A.  Clarke,  A.  Oubrie,  D.J.  Richardson,  R.J.  Turner,  and  F.  Sargent.  2005.  Signal  peptide‐
chaperone  interactions  on  the  twin‐arginine  protein  transport  pathway.  Proceedings  of  the  National 
Academy of Sciences of the United States of America 102:8460‐8465. 
366.  Jack, R.L., G. Buchanan, A. Dubini, K. Hatzixanthis, T. Palmer, and F.  Sargent. 2004. Coordinating assembly 
and export of complex bacterial proteins. The EMBO journal 23:3962‐3972. 
367.  Chan,  C.S.,  T.M.  Winstone,  L.  Chang,  C.M.  Stevens,  M.L.  Workentine,  H.  Li,  Y.  Wei,  M.J.  Ondrechen,  M. 
Paetzel, and R.J. Turner. 2008.  Identification of  residues  in DmsD for  twin‐arginine  leader peptide binding, 
defined through random and bioinformatics‐directed mutagenesis. Biochemistry 47:2749‐2759. 
368.  Winstone, T.L., M.L. Workentine, K.J. Sarfo, A.J. Binding, B.D. Haslam, and R.J. Turner. 2006. Physical nature 
of signal peptide binding to DmsD. Archives of biochemistry and biophysics 455:89‐97. 
369.  Dubini,  A.,  and  F.  Sargent.  2003.  Assembly  of  Tat‐dependent  [NiFe]  hydrogenases:  identification  of 
precursor‐binding accessory proteins. FEBS letters 549:141‐146. 
370.  Ansaldi,  M.,  L.  Theraulaz,  C.  Baraquet,  G.  Panis,  and  V.  Mejean.  2007.  Aerobic  TMAO  respiration  in 
Escherichia coli. Molecular microbiology 66:484‐494. 
371.  Simon,  G.,  V.  Mejean,  C.  Jourlin,  M.  Chippaux,  and M.C.  Pascal.  1994.  The  torR  gene  of  Escherichia  coli 
encodes a  response  regulator protein  involved  in  the expression of  the  trimethylamine N‐oxide  reductase 
genes. Journal of bacteriology 176:5601‐5606. 
372.  Sargent, F., B.C. Berks, and T. Palmer. 2006. Pathfinders and trailblazers: a prokaryotic targeting system for 
transport of folded proteins. FEMS microbiology letters 254:198‐207. 
373.  Chin, J.W., A.B. Martin, D.S. King, L. Wang, and P.G. Schultz. 2002. Addition of a photocrosslinking amino acid 
to the genetic code of Escherichiacoli. Proceedings of the National Academy of Sciences of the United States 
of America 99:11020‐11024. 
374.  Chin,  J.W.,  and  P.G.  Schultz.  2002.  In  vivo  photocrosslinking  with  unnatural  amino  Acid  mutagenesis. 
Chembiochem 3:1135‐1137. 
References 
133 
 
375.  Hodak,  H.,  and  F.  Jacob‐Dubuisson.  2007.  Current  challenges  in  autotransport  and  two‐partner  protein 
secretion pathways. Research in microbiology 158:631‐637. 
376.  Mogensen,  J.E.,  J.H.  Kleinschmidt,  M.A.  Schmidt,  and  D.E.  Otzen.  2005.  Misfolding  of  a  bacterial 
autotransporter. Protein Sci 14:2814‐2827. 
377.  Mogensen,  J.E., and D.E. Otzen. 2005.  Interactions between  folding  factors and bacterial outer membrane 
proteins. Molecular microbiology 57:326‐346. 
378.  Miyazaki, H., N. Yanagida, S. Horinouchi, and T. Beppu. 1989. Characterization of  the precursor of Serratia 
marcescens serine protease and COOH‐terminal processing of the precursor during its excretion through the 
outer membrane of Escherichia coli. Journal of bacteriology 171:6566‐6572. 
  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Nederlandse samenvatting 
Nederlandse samenvatting 
136 
 
Over het binnenmembraan en verder 
Signaal peptide‐gemedieerd eiwittransport via de Tat en autotransporter 
routes van Escherichia coli 
 
 
1. Inleiding 
 
Bacteriën  zijn    ééncellige  organismen met  een  afmeting  van  slechts  enkele micrometers  die 
alleen met behulp  van een microscoop  zichtbaar  zijn  voor het menselijk oog. De  inhoud van 
een bacteriële cel wordt gevormd door het  cytoplasma (celvloeistof). Hieromheen bevindt zich 
een cel‐enveloppe die het cytoplasma afschermt van het externe of extracellulaire milieu. De 
cel‐enveloppe van de Gram‐negatieve bacteriën, waartoe onder andere de bacterie Escherichia 
coli  (E.  coli)  behoort,  is  zeer  gecompliceerd  en  bestaat  uit  twee  membranen:  het 
binnenmembraan  dat  in  contact  staat  met  het  cytoplasma,  en  het  buitenmembraan  dat  in 
contact  staat  met  het  extracellulaire  milieu.  Tussen  deze  twee  membranen  is  de 
periplasmatische  ruimte  gelocaliseerd  die  een  vloeistof    bevat  die  het  periplasma  wordt 
genoemd. 
Het  cytoplasma  van  de  bacteriële  cel  bestaat  uit  een waterige  oplossing   waarin  zich 
onder  andere  het  DNA  bevindt  waarop  de  erfelijke  of  genetische  informatie  van  de  cel 
besloten ligt. Het DNA bestaat uit vele genen die op hun beurt elk kunnen coderen voor een of 
meerdere eiwitten. Eiwitten vervullen binnen en buiten de cel een zeer grote verscheidenheid 
aan biologische functies. Om de informatie van een gen om te zetten in een eiwit  wordt in het 
cytoplasma eerst een tijdelijke kopie van het gen gemaakt in de vorm van een mRNA molecuul. 
Vervolgens  wordt  het  mRNA  molecuul  vertaald  naar  een  eiwit.  Deze  laatste  stap  wordt 
‘translatie’ genoemd en wordt uitgevoerd door de ribosomen die zich net als het DNA  in het 
cytoplasma bevinden. Een eiwit  is  in  feite niets anders dan een ketting die  is opgebouwd uit 
een  combinatie  van een  twintigtal  bouwstenen met  verschillende  chemische eigenschappen. 
Deze  bouwstenen  zijn  de  zogenaamde  ‘aminozuren’  en  deze  worden  door  de  ribosomen 
middels  een  peptidebinding  aan  elkaar  gekoppeld.  De  ketens  die  op  deze  manier  onstaan 
worden  ‘polypeptiden’  genoemd.  De  informatie  op  het mRNA  bepaalt  welke  aminozuren  in 
welke volgorde aan elkaar moeten worden gekoppeld en hoe lang de polypeptide‐keten moet 
worden.  De  specifieke  volgorde  waarin  de  afzonderlijke  aminozuren    aan  elkaar  zijn  gezet 
bepaalt de vouwingsstaat of 3‐dimensionale structuur van de polypetideketen en welke functie 
het eiwit uiteindelijk zal uitoefenen.      
Ongeveer  33%  van  alle  eiwitten  die  in  het  cytoplasma  van  E.  coli  worden 
gesynthetiseerd  (aangemaakt) hebben een eindbestemming die buiten dit compartiment  ligt: 
een  van  de membranen,  het  periplasma,  het  celoppervlak  of  het  extracellulaire milieu.  Een 
centrale vraag binnen de biologie is hoe eiwitten, die over het algemeen een hydrofiel (‘water‐
lievend’)  karakter  hebben,  membranen  kunnen  passeren  die  opgebouwd  zijn  uit  lipiden 
(vetten)  en  dus  een  hydrofoob  (‘water‐afstotend’)  karakter  hebben.  In  Gram‐negatieve 
bacteriën heeft zich in de loop der tijd een scala aan transport routes ontwikkeld om eiwitten 
over membranen te transporteren (translocatie) en op de verschillende locaties in de cel af te 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leveren. De voornaamste manier om eiwitten uit het cytoplasma te exporteren  is via het Sec 
translocon,  een  nauw,  eiwit  doorlatend  kanaal  in  het  binnenmembraan.  Gezien  de  geringe 
diameter van het eiwit‐doorlatend kanaal kunnen via deze ‘Sec route’ alleen polypeptideketens 
worden  vervoerd  die  nog  ongevouwen  zijn  tijdens  de  passage  van  het  binnenmembraan. 
Eiwitten  die  de  Sec  route  volgen  worden  uiteindelijk  ofwel  geïntegreerd  in  het 
binnenmembraan  ofwel  losgelaten  in  het  periplasma.  In  sommige  gevallen  fungeert  de  Sec 
route  als  startpunt  voor  transport  routes  die  eiwitten  verder  transporteren  over  het 
buitenmembraan  om  ze  vervolgens  uit  te  scheiden  (secretie)  in  het  externe  milieu. 
Bijvoorbeeld, de eiwitten die worden uitgescheiden via de ‘autotransporter route’, het meest 
voorkomende secretie systeem in Gram‐negatieven bacteriën, zijn afhankelijk van de Sec route 
voor  hun  initiële  transport  uit  het  cytoplasma.  Relatief  kort  geleden  is  een  belangrijke 
alternatieve  transport  route  ontdekt  die  naast  de  Sec  route  functioneert  in  de  export  van 
eiwitten uit het cytoplasma. Dit is de ‘twin‐arginine translocation’ route die wordt afgekort tot 
Tat route. Het belangrijkste kenmerk van deze route is zijn vermogen om eiwitten die reeds in 
een gevouwen toestand zijn over het binnenmembraan te transloceren. Dit in tegenstelling tot 
het Sec translocon. 
Eiwitten komen in de juiste transport route en op de juiste cellulaire locatie terecht met 
behulp van een specifieke interne aminozuur sequentie die ‘targeting signaal’ wordt genoemd. 
Op het moment dat het targeting signaal van een groeiende (nascente), polypeptide‐keten uit 
het  ribosoom  komt,  interacteert  deze  met  een  ‘targeting  factor’  in  het  cytoplasma  die  de 
polypeptide  naar  het  binnenmembraan  brengt  en  bij  het  juiste  translocon  aflevert.  Deze 
laatste twee stappen worden gevat in de term ‘targeting’.  De specifieke samenstelling van een 
targeting sequentie bepaalt met welke targeting factor een interactie wordt aangegaan en dus 
op  welke  wijze  en  via  welk  translocon  het  transport  van  een  eiwit  uit  het  cytoplasma  zal 
verlopen.  Eiwitten  die  bestemd  zijn  voor  locaties  voorbij  het  binnenmembraan  zijn  in  de 
meeste  gevallen  uitgerust  met  een  ‘signaal  peptide’,  een  kort  targeting  signaal  aan  de  N‐
terminus (het uiteinde dat als eerste van het ribosoom afkomt). Signaal peptiden worden over 
het algemeen tijdens of na de translocatie over het binnenmembraan van het eiwit afgeknipt 
door een signaal peptide knippend enzym, het ‘signaal peptidase’ (SPase), waarna het ‘mature’ 
eiwit  wordt  losgelaten  in  de  periplasmatische  ruimte.  Hier  zal  het  eiwit  blijven,  of  het  zal 
terechtkomen in een volgende transport route die zal leiden tot integratie van het eiwit in de 
buitenmembraan of tot secretie in het externe milieu. Naast eiwitten met een eindbestemming 
die  voorbij  het  binnenmembraan  ligt,  is  er  een  grote  groep  eiwitten  die  in  het 
binnenmembraan zelf verblijft, te weten de ‘integrale binnenmembraan eiwitten’ (IMPs). IMPs 
zijn  niet  uitgerust  met  een  afknipbaar  signaal  peptide.  In  plaats  daarvan  functioneren  sterk 
hydrophobe  interne  ‘transmembraan  domeinen’,  die  integreren  in  het  binnenmembraan  en 
het  eiwit  aan  het  membraan  verankeren,  als  herkenningsplaats  voor  factoren  die  targeting 
verzorgen. 
Recente bewijsvoering  laat zien dat een aantal signaal peptiden naast  informatie over 
de  te  volgen  targeting  en  translocatie  routes  ook  nog  andere  informatie  in  zich  herbergt  en 
betrokken is bij andere aspecten van eiwittransport (zie verder). Het werk dat is beschreven in 
dit proefschrift verruimt het  inzicht  in signaal peptide‐gemedieerd  (gedreven) eiwit  transport 
via de Tat en autotransporter routes in de bacterie E. coli. 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2. Moleculaire interacties van Tat signaal peptiden 
 
De Tat route van E. coli  is gewijd aan de export van eiwitten die  in het cytoplasma reeds een 
gevouwen structuur hebben aangenomen. Deze  ‘Tat  substraten’  zijn vaak eiwitten die  in het 
cytoplasma  een  metaal  co‐factor  binden  en  functioneren  in  de  ademhalingsketen  in  het  
periplasma.  Tat  substraten  worden    gesynthetiseerd  met  signaal  peptiden  die  een  sterk 
geconserveerde aminozuur consensus sequentie bezitten die wordt weergegeven als (S/T)‐R‐R‐
x‐F‐L‐K. De letters in deze sequentie staan elk voor een bepaald aminozuur waarbij de R staat 
voor het  aminozuur arginine. De aanwezigheid  van  twee arginines  achter elkaar heeft  geleid 
tot de naam Tat (voor twin‐arginine translocation, ofwel tweeling‐arginine translocatie). 
De  experimenten  beschreven  in  hoofdstuk  2  van  dit  proefschrift waren  er  op  gericht 
targeting  factoren en andere eiwitten  te  identificeren die betrokken  zijn bij  de  targeting  van 
Tat substraten. Hiervoor analyseerden we in vitro (in de reageerbuis) de moleculaire interacties 
van de signaal peptide van twee nascente Tat substraten (SufI en TorA) in het cytoplasma van 
E. coli. De resultaten lieten zien dat de signaal peptide van SufI zich in de directe nabijheid van 
de ribosomale subunits L23 en L29 bevindt op het moment dat deze uit het ribosoom komt. Dit 
toont  aan  dat  Tat  substraten  het  ribosoom  verlaten  via  de  grote  (algemene)  ribosomale 
uitgang. Verder bleek dat de signaal peptide van Tat substraten  in contact te zijn met trigger 
factor  (TF),  een  ribosoom  gebonden  chaperone  eiwit  dat  gelocaliseerd  is  vlak  bij  de  grote 
ribosomale uitgang via een interactie met L23. Omdat dit contact met TF vrijwel exclusief was 
en in stand bleef totdat de translatie was beëindigd en Tat het substraat van het ribosoom was 
losgekoppeld, onderzochten we de mogelijkheid dat TF een rol speelt  in de targeting van Tat 
substraten. Eerdere studies door andere groepen hadden gesuggereerd dat TF een rol speelt in 
het reguleren van de toegang van geëxporteerde eiwitten tot targeting routes die naar het Sec 
translocon  leiden  danwel  het  voorkomen  van  onproductieve  interacties  van  translerende 
ribosomen  met  het  Sec  translocon.  Om  die  reden  leek  het  aannemelijk  dat  TF  een 
onderscheidende  rol  zou kunnen vervullen  in de  transport  route  selectie  van Tat  substraten. 
Een andere plausibele rol voor TF leek het tegengaan van voortijdige interacties van Tat signaal 
peptiden met  de  Tat  translocatie machinerie.  Echter,  uit  experimenten die we uitvoerden  in 
vivo    (in  levende  cellen)  bleek  dat  de  efficiëntie  en  snelheid  van  de  export  van  SufI  uit  het 
cytoplasma niet  significant werden beinvloed door  zowel  verhoogde hoeveelheden TF  in het 
cytoplasma alswel de volledige afwezigheid daarvan. Deze resultaten zijn een argument tegen 
een belangrijke rol in het Tat export mechanisme. We achten het het meest waarschijnlijk dat 
TF  automatisch met  Tat  signaal  peptiden  interacteert  vanwege  zijn  positie  dicht  bij  de  grote 
ribosomale  uitgang  waar  Tat  signaal  peptiden  het  ribosoom  verlaten.  Dit  is  in 
overeenstemming met recente data uit ons lab die suggereerden dat TF in de directe nabijheid 
is van alle eiwitten die het ribosoom verlaten via de grote ribosomale uitgang. 
 
 
3. Signaal peptide‐gemedieerd transport via de autotransporter route 
 
De  autotransporter  (AT)  route  is  het meest wijdverspreide  systeem dat wordt  gebruikt  door 
ziekteverwekkende Gram‐negatieve bacteriën om virulentie  factoren  (eiwitten die  betrokken 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zijn bij het onstaan van een ziekte) over de cel‐enveloppe te transporteren en uit te scheiden in 
het externe milieu. De eiwitten die  via deze route worden vervoerd worden ‘autotransporters’ 
(ATs)  genoemd.  Deze  naam  is  afgeleid  van  vroegere  studies  die  suggereerden  dat  ATs,  na 
passage  van  het  binnenmembraan  via  het  Sec  translocon,  zichzelf,  zonder  hulp  van  andere 
factoren, over de buitenmembraan konden transporteren. ATs worden gesynthetiseerd in het 
cytoplasma  als  voorloper‐eiwitten  die  bestaan  uit  drie  op  zichzelf  staande  domeinen:  (i)  het 
signaal peptide aan de N‐terminale kant (voorkant) van de polypeptide‐keten dat de targeting 
naar  en  translocatie  over  de  binnenmembraan  via  het  Sec  translocon  medieert,  (ii)  het 
‘passenger’‐ of passagiersdomein dat uiteindelijk in het externe mileu wordt uitgescheiden en 
het  werkzame  gedeelte  van  de  AT  bevat,  en  (iii)  het  β‐domain  aan  de  C‐terminale  kant  
(achterkant) van de polypeptide‐keten dat  integreert  in de buitenmembraan en de passenger 
help het buitenmembraan te passeren. De experimenten  in de hoofdstukken 3‐5 geven meer 
inzicht  in  de  biogenese  van  de  AT  hemoglobine  protease  (Hbp),  vanaf  de  synthese  in  het 
cytoplasma tot en met de translocatie over het buitenmembraan. 
 
3.1. Targeting naar het binnenmembraan 
In  E.  coli  bestaan  twee  voorname  targeting  routes  om  eiwitten  naar  het  Sec  translocon  te 
sturen.  Eiwitten  die  een  relatief  hydrofiele  signaal  peptide  bevatten,  interacteren  over  het 
algemeen met  de  targeting  factor  SecB  en  worden  ‘post‐translationeel’  (na  beëindiging  van 
translatie)  naar  het  translocon  gebracht.  IMPs  en  eiwitten  met  relatief  hydrophobe  signaal 
peptiden gaan een interactie aan met de targeting factor ‘signal recognition particle’ (SRP) die 
het eiwit ‘co‐translationeel’ (tijdens de translatie) bij het Sec translocon aflevert. 
Vele ATs zijn uitgerust met ongewoon lange signaal peptiden die aan de N‐terminus een 
bijzondere extensie (verlenging) bezitten van ongeveer 25 aminuzuren. Het is bekend dat deze 
signaal peptiden targeting naar het Sec translocon mediëren. Echter, de targeting route (post‐ 
of co‐translationeel) die ze specificeren, en de rol die de N‐terminale extensie daar bij speelt, 
zijn tot op heden onderwerp van stevige discussie. Eerder onderzoek door ons lab toonde aan 
dat Hbp interacteert met het SRP in vitro en facultatief gebruik kan maken van de SRP dan wel 
de  SecB  route  in  vivo.  De  vinding  dat  SRP  een  rol  speelt  in  de  targeting  van  Hbp  was 
opmerkelijk gezien het feit dat deze targeting factor een voorkeur heeft voor sterk hydrophobe 
targeting signalen, terwijl de signaal peptide van Hbp slechts een gematigd hydrofoob karakter 
heeft.  Om  die  reden  namen we  de mogelijkheid  in  overweging  dat  de  speciale  N‐terminale 
extensie van de Hbp signaal peptide een ondersteunde rol heeft in de binding van SRP. 
In  hoofdstuk  3  werd  de  rol  van  de  N‐terminale  extensie  in  de  binnenmembraan 
targeting van Hbp onderzocht. In afwezigheid van de extensie bleek de export en secretie Hbp 
onaangedaan,  wat  aangeeft  dat  de  extensie  niet  per  se  nodig  is  voor  binnenmembraan 
targeting  en  translocatie.  In  vitro    interactie  studies  suggereerden  vervolgens  dat  de 
(aanwezigheid van) de extensie geen voorwaarde  is voor binding van SRP aan de Hbp signaal 
peptide en niet direct betrokken is bij het recruteren van SRP. Ook een stimulatoire rol voor de 
extensie in binding van SRP aan de Hbp signaal peptide werd niet door de data ondersteund. Al 
met al suggereerden de in vitro experimenten dat de N‐terminale extensie niet nodig is voor de 
interactie van het SRP met de Hbp signaal peptide. De rol van de extensie werd ook onderzocht 
in vivo. In overeenstemming met de data verkregen in vitro bleek dat een variant van Hbp die 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de extensie mistte nog steeds  in staat was de SRP route  te gebruiken voor  targeting naar de 
binnenmembraan.  Alle  bovenstaande  data  tezamen  suggereren  dat  de  N‐terminale  extensie 
van de Hbp signaal peptide niet betrokken is bij de selectie van een specifieke targeting route. 
Zoals  hierboven  genoemd,  is  de  wijze  waarop  ATs  het  binnenmembraan  bereiken 
onderwerp van discussie.  In  tegenstelling  tot Hbp wordt van een aantal andere ATs beweerd 
dat deze het binnenmembraan bereiken via een strict SRP‐onafhankelijke, post‐translationele 
route.  Verder  zijn  onze  eerdere  bevindingen  wat  betreft  de  SRP‐afhankelijkheid  van  Hbp  in 
twijfel  getrokken  door  een  aantal  andere  wetenschappers.  In  hoofdtuk  3  werden  daarom 
nieuwe  in  vivo  experimenten uitgevoerd die bevestigden dat Hbp gebruik kan maken van de 
SRP  route  voor  targeting.  Wat  de  exacte  oorzaak  is  van  de  tegenstrijdigheid  tussen  de 
bevindingen met Hbp en de andere ATs wat betreft de targeting naar het binnenmembraan is 
vooralsnog onduidelijk. 
 
3.2. Passage van het binnenmembraan; de rol van YidC 
Werk  van  andere  groepen  heeft  gesuggereerd  dat  de  N‐terminale  exentie  van  AT  signaal 
peptiden  invloed  heeft  op  de  snelheid  waarmee  ATs  over  het  binnenmembraan  worden 
getransloceerd.  Verder  is  er  gesuggereerd  dat  de  verlengde  AT  signaal  peptiden  relatief 
langzaam door het Sec  translocon voortbewegen en dat ze de AT na  translocatie kortstondig 
aan  het  binnenmembraan  doen  ‘vastplakken’.  Opvallend  genoeg  lijkt  dit  laatste  fenomeen 
nodig  om  te  voorkomen  dat  er  abnormale  vouwing  van  het  passenger‐domein  van  de  AT 
plaatsvindt in de periplasmatische ruimte. Tezamen impliceren deze data dat ATs een atypische 
route door het Sec  translocon zouden kunnen volgen. Deze mogelijkheid werd onderzocht  in 
hoofdstuk 4. 
In vitro studies toonden aan dat de Hbp signaal peptide ten tijde van de insertie in het 
binnenmembraan  interacteert  met  YidC.  YidC  is  een  eiwit  dat  geassocieerd  is  met  het  Sec 
translocon en tot dusver voornamelijk in verband werd gebracht met de biogenese van IMPs. 
Eerdere onderzoeken hadden al aangetoond dat nascente Hbp polypeptiden interacteren met 
de  Sec  translocon  componenten  SecY  en  SecA  in  het  binnenmembraan  en  SRP  in  het 
cytoplasma. Het moleculaire landschap van Hbp tijdens targeting en membraaninsertie is in dit 
opzicht vergelijkbaar met dat van IMPs. Mogelijk volgt Hbp een (voor gesecreteerde eiwitten) 
speciale route door het Sec translocon die normaliter alleen door IMPs wordt gebruikt. 
Om te onderzoeken of de interactie tussen de Hbp signaal peptide en YidC functioneel 
relevant was, analyseerden we de rol van YidC in de biogenese van Hbp ook in vivo. We vonden 
dat afwezigheid van YidC leidt tot afbraak van hbp in de cel. Vervolgexperimenten toonden aan 
dat in de afwezigheid van YidC tussenvormen van Hbp zich ophoopten in de periplasmatische 
ruimte  die  niet  over  het  buitenmembraan  getransporteerd  konden  worden.  Deze  secretie 
incompetente tussenvormen bleken gevoelig voor afbraak door het periplasmatische protease 
(eiwit afbrekend enzym) DegP. In een andere studie (hoofdstuk 5) toonden we al aan dat Hbp 
varianten  waarvan  de  vouwing  van  het  passenger  domein  dusdanig  was  veranderd  dat  ze 
buitenmembraan  niet  konden  passeren  ook werden  afgebroken  door  degP. Op  basis  van  de 
gezamelijke data uit hoofdstuk 4 en 5 suggereren we  dat YidC benodigd is voor een correcte 
vouwing van Hbp in het periplasma in een conformatie die compatibel is met translocatie van 
Hbp over de buitenmembraan. Een groot domein van YidC (domein P1) dat in het periplasma 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steekt en waar de functie niet van bekend is, lijkt in ieder geval niet belangrijk voor dit proces 
aangezien  we  vonden  dat  in  de  afwezigheid  van  het  grootste  gedeelte  van  dit  domein  de 
biogenese en de secretie van Hbp normaal verloopt.  
Hbp is het eerste voorbeeld van een AT, en zelfs het voorbeeld van een eiwit dat door 
een  cel  wordt  uitgescheiden,  waarvan  de  biogenese  wordt  beinvloed  door  YidC.  Het 
mechanisme waarlangs YidC deze beinvloeding uitoefent is echter onduidelijk. Zoals genoemd, 
is  er  gesuggereerd  dat  het  kortstondig  vasthouden  van  de  signaal  peptide  bij  de 
binnenmembraan  belangrijk  is  om  abnormale  vouwing  van  ATs  in  het  periplasma  te 
voorkomen. Wij  achten  het  aannemelijk  dat  YidC  een  functie  heeft  in  het  langzaam  loslaten 
van Hbp  van  de  binnenmembraan, mogelijk  door  een  langdurige  interactie  aan  te  gaan met 
Hbp  signaal  peptide.  Een  andere  mogelijkheid  is  dat  YidC  tijdelijk  de  toegang  van  het  Hbp 
signaal  peptide  tot  het  signaal  peptidase  blokkeert,  wat  zou  resulteren  in  een  tijdelijke 
verankering van Hbp in de binnenmembraan. 
 
3.3. Vouwing in het periplasma en translocatie over het buitenmembraan          
Voorafgaand aan de secretie van het passenger‐domein van een AT  inserteert het   β‐domein 
van  de  AT  in  de  buitenmembraan  en  neemt  daar  een  vouwingsstaat  aan  die  lijkt  op  een 
tonnetje. Het klassieke, dogmatische model dat het  transport van ATs beschrijft, gaat uit van 
een mechnisme waarbij de passenger in ongevouwen vorm via een nauw kanaal dat aanwezig 
is  in  het    β‐domein  over  het  buitenmembraan  wordt  getransloceerd.  Vervolgens  wordt  de 
passenger  losgeknipt  van  het  β‐domein  en  losgelaten  in  het  externe  milieu.  Over  het 
bestaansrecht  van  het  klassieke model wordt  tegenwoordig  echter  hevig  gedebatteerd. Met 
name de mate van vouwing van AT passengers in het periplasma en de mate van tolerantie die 
de translocatiemachinerie heeft ten opzichte van gevouwen structuren zijn onderwerpen van 
discussie.     
In hoofdstuk 5 onderzochten we het verband tussen vouwing van Hbp in het periplasma 
en het vermogen om getransloceerd te worden over de buitenmembraan. Om inzicht te krijgen 
in de vouwingsstaat van Hbp in het periplasma, introduceerden we op twee posities binnen het 
passenger‐domein  van  Hbp  het  aminozuur  genaamd  ‘cysteine’.  Vervolgens  maakten  we 
gebruik  van  het  principe  dat  tussen  twee  cysteine  residuen  die  in  elkaars  directe  nabijheid 
komen in het periplasma van E. coli een covalente binding kan worden gevormd, te weten een 
zwavelbrug. De experimenten lieten zien dat in een Hbp variant (Hbp110C/348C) die cysteines 
bevatte in twee ver uit elkaar gelegen domeinen van de passenger een zwavelbrug kon worden 
gevormd. Hieruit konden we concluderen dat er een aanzienlijke mate van vouwing van de Hbp 
passenger plaatsvind in het periplasma. Ook in een Hbp mutant (Hbp 707C/712C) die cysteines 
bevatte  die  relatief  dicht  bij  elkaar  lagen  werd  een  dergelijke  brug  gevormd,  hetgeen 
waarschijnlijk  van  een  kleine  lus  veroorzaakt  in  de  polypeptide‐keten  die  de  Hbp  passenger 
vormt.  Niettemin  was  de  formatie  van  een  zwavelbrug  tussen  posities  707  en  712  volledig 
compatibel  met  de  translocatie  van  Hbp  over  het  buitenmembraan.  Dit  toont  aan  dat  de 
buitenmembraan translocator van Hbp tot op zekere hoogte gevouwen structuren tolereert. 
In tegenstelling tot brug‐formatie tussen de dicht bij elkaar gelegen cysteines, leidde de 
koppeling tussen ver‐afgelegen domeinen als gevolg van de totstandkoming van de 110C/348C 
zwavelbrug tot een vrijwel volledige blokkade van de Hbp secretie. Verder bleek deze situatie 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te resulteren in de afbraak van Hbp in het periplasma door DegP. Deze resultaten laten zien dat 
omvang en flexibiliteit van gevouwen Hbp structuren doorslaggevende factoren zijn tijdens de 
passage  van  het  buitenmembraan.  Deze  veronderstelling  werd  bevestigd  door  gebruik  te 
maken  van  een Hbp‐variant  [Hbp(Calm)]  die  een  relatief  klein,  strak  gevouwen  calmoduline‐
domein bevatte in de passenger. Net als Hbp110C/348C was deze variant secretie‐incompetent 
en  werd  afgebroken  in  het  periplasma  door  DegP.  Echter,  toen  de  vouwing  van  het 
calmoduline‐domein  werd  gerelaxeerd  leidde  dit  tot  een  een  volledig  herstel  van  de  Hbp 
secretie. 
Zoals  hierboven  aangegeven,  bleek  DegP  verantwoordelijk  voor  de  afbraak  van  de 
secretie‐incompetente  Hbp‐varianten  Hbp110C/348C  en  Hbp(Calm).  In  cellen  die  geen  DegP 
produceerden  zagen we  dat  deze  varianten  ophoopten  in  het  periplasma  in  hun  ‘pro‐vorm’, 
wat  inhoudt  dat  ze  zowel  het  passenger‐  als  het  β‐domein  bevatten.  Wij  onderzochten  de 
mogelijkheid dat  deze  vormen  in  feite  translocatie‐intermediairen  van Hbp  representeerden, 
ofwel  tussenvormen   die  al  bezig waren met de  translocatie  van het passenger‐domein over 
het buitenmembraan, maar vast waren komen te zitten op het moment dat het gevouwen of 
inflexibele gedeelte in de passenger de translocator blokkeerde. In overeenstemming met deze 
gedachte  konden  we  aantonen  dat  de  ophopende  intermediaren  in  het  buitenmembraan 
gelocaliseerd  waren  en  dat  een  deel  van  hun  passenger‐domein  in  contact  stond  met  het 
extracellulaire milieu. Verder impliceert de observatie dat de tussenvormen gevoelig zijn voor 
afbraak door DegP (zie boven) dat ze ook voor een deel  in contact staan met het periplasma. 
Deze  resultaten  suggereren  dat  de  ophopende  Hbp110C/348C  en  Hbp(Calm)  producten 
inderdaad translocatie‐intermediairen van Hbp vertegenwoordigden. 
Bij elkaar genomen bewijzen de data gepresenteerd in hoofdstuk 5 dat de Hbp passenger 
tijdelijk  verblijft  in het periplasma alwaar een aanzienlijke mate van vouwing van dit domein 
optreedt  voorafgaand  aan  de  translocatie  over  het  buitenmembraan.  Niettemin moet  de  te 
transloceren  Hbp‐tussenvorm  een  zekere  mate  van  flexibiliteit  en/of  beperkte  omvang 
behouden ter voorkoming van een opstopping van het translocatie apparaat en afbraak door 
DegP.  Het  mechanisme  van  translocatie  over  de  buitenmembraan  en  de  aard  van  de 
translocatiemachinerie  zijn  veel  besproken  onderwerpen  in  het  AT  onderzoeksveld.  Onze 
resultaten  lijken het klassieke model, waarin het passenger‐domein wordt getransloceerd via 
de nauwe porie aanwezig in het β‐domein van de AT zelf, niet te ondersteunen. Daarentegen 
lijkt  ons werk het best te verenigen met een model waarin het transport wordt verzorgd door 
een onafhankelijke machinerie in het buitenmembraan van E. coli.     
 
3.4. Samenvattend model voor de secretie van Hbp 
Op  pagina  116  van  dit  proefschrift  kan  een  samenvattend  model  worden  gevonden  dat  de 
secretie  van  Hbp  beschrijft  op  basis  van  het  werk  dat  in  de  voorgaande  secties  is 
gepresenteerd.
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Het moment is daar: m’n boekje  is af!! En laten we eerlijk zijn, dat werd tijd ook. Nu rest mij 
niets anders dan de personen die belangrijk voor me zijn geweest  tijdens de  totstandkoming 
van dit proefschrift hartelijk te bedanken. Gezien het flinke aantal jaren dat is verstreken sinds 
ik  bij  MolMic  begon  is  het  aantal  mensen  dat  het  verdient  om  genoemd  te  worden  groot. 
Gelukkig ben ik gezegend met het talent de dingen lekker kort en bondig op te schrijven... Dus. 
Joen, bedankt voor je begeleiding en alles wat ik de afgelopen jaren van je heb mogen 
leren. Bepaalde personen, ik noem geen namen (Corinne), menen zelfs dat ik een soort kloon 
van je geworden ben. Tot op zekere hoogte (!) beschouw ik dit als een compliment. Je nuchter‐
kritische houding ten opzichte van... eehh... alles eigenlijk... heb ik altijd erg gewaardeerd. Net 
als het feit dat ik altijd bij je binnen kon lopen voor advies of een praatje. Wonderlijk hoe jij een 
wollige  tekst  van  mijn  kant  met  een  paar  simpele  omzettingen  of  aanwijzingen  altijd  weer 
leesbaar wist te maken. Je droog‐cynische humor, de gezamenlijke interesse in voetbal en een 
gedeeld heimelijk genoegen om Corinne op de kast te jagen maakten de dagen op het lab zeer 
aangenaam.  
Co  (Corinne),  jij  hebt  deze  plek  hier  direct  onder  ‘de  grote  roerganger’  meer  dan 
verdiend. Je was (en bent) van onschatbare waarde. Bedankt voor alle experimenten en andere 
dingen die je met  veel overgave voor me deed. Dank ook voor alle snoep, thee en andersoortig 
consumeerbaar  spul  (grapefruit,  bah)  dat  je  me  toe  stopte.  Oh  ja,  en  natuurlijk  voor  je 
gezelligheid!    
Bob  (Bauke),  mijn  joviale  promotor,  jammer  genoeg  ben  jij  door  je  bestuurswerk 
eigenlijk alleen in de beginjaren direct bij mijn onderzoek betrokken geweest. Je enthousiasme 
en luchtigheid tijdens de colleges Moleculaire Microbiologie hebben er in belangrijke mate aan 
bijgedragen  dat  ik  een  interesse  voor  microbiologie  ontwikkelde  en  bij  MolMic  terecht  ben 
gekomen.  Bedankt  voor  alles,  ook  de  zaken  waarvoor  je  je  op  het  randje  van  de  illegaliteit 
moest begeven. 
DJ (Dirk‐Jan), jij zit nu alweer een paar maanden in Lissabon. Ik kijk naar buiten (regen) 
en naar m’n dienblaadje met kantinevoedsel  (sneu) en word spontaan  jaloers. Well done!  Je 
adviezen met betrekking tot de wondere wereld der wetenschap en beschouwingen over het 
wel  en  wee  van  de  ‘dwangarbeiders  van  de  weg’  worden  zeer  gemist.  Je  voorliefde  voor 
obscure bandjes geïnspireerd door Duits cabaret uit de jaren ’30 wat minder. Ik hoop dat ik in 
de nabije toekomst nog eens over een randje mag struikelen  in Lissabon. Als het even kan  in 
het José Alvalade. Het Estádio da Luz mag ook...    
Na  jarenlang  moederziel  alleen  binnen  de  ‘sectie  Joen’aan  de  secretie  van  Hbp  te 
hebben gewerkt (rustig Co, dit is bij wijze van spreken), heb ik tegenwoordig het voorrecht dit 
te mogen doen met Ana en Zora. Ana, su optimismo es muy motivador. Muchas gracias! Zora, 
je  enthousiasme  en  gedrevenheid  zijn  bewonderenswaardig.  Het  heeft  je  al  veel  opgeleverd 
(Mozaïek‐beurs,  Unilever  award,  3x  IMC  rally!).  Iets meer  doseren,  en  je  boekje  zal  prachtig 
worden. 
Greg,  ik betwijfel of dit proefschrift  zonder  jouw bijdrage  tot stand zou zijn gekomen. 
De  keren dat  je me uit  de brand moest  helpen  vanwege een  slecht  gepland experiment  zijn 
talloos. Wat mij betreft ben je onmisbaar op het lab. Je cadeautjes werden (en worden!) altijd 
zeer gewaardeerd. Bedankt voor alles. 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Ovidiu,  big  guy,  your  presence  brings  instant  ‘gezelligheid’,  anytime,  anywhere.  Your 
laugh  is  highly  contagious.  Mersi  pentru  a  crea  o  atmosfera  de  lucru  fantastic.  And  Ana, 
multumim pentru toate minunat alimente şi ospitalitate. 
Zhong, ondanks onze soms botsende karakters ben  je  toch al weer bijna een  jaar een 
plezierige kamergenoot. Als dat eerste verhaal eenmaal over de dam is, volgen er meer. En na 
GadX komt zonneschijn. Hou vol! 
Mathijs, je (schoonmoeder‐)grappen zijn vaak zo ‘slecht’ dat ze weer hilarisch worden. 
Een uniek talent. Ik mag dat wel. Ga zo door (met mate). 
Peter, nog maar zo kort bij MolMic en nu al in de acknowledgements. Goed om na het 
vertrek  van  DJ  en  Edwin  weer  iemand  met  verstand  van  zaken  (sport)  te  hebben  in  de 
koffiekamer. Bedankt voor het uitgebreide, doch nuttige commentaar op het manuscript van 
dit proefschrift. 
GJ  (Gert  Jan),  waarschijnlijk  zijn  wij  het  a‐productiefste  duo  uit  de  geschiedenis  van 
MolMic.  Met  voorsprong.  Ik  herinner  me  vooral  ellenlange  gesprekken  over  wérkelijk  alles, 
slappe humor, dubieuze benamingen voor de mannelijke en vrouwelijk geslachtsorganen (jouw 
bijdrage) en foute liedjes (ook jouw bijdrage). Veel werkende batches tRNAsup of publiceerbare 
crosslinking‐proeven heeft ’t allemaal niet opgeleverd, wel een mooie vriendschap. Ik ben blij 
je straks aan mijn zijde te hebben als paranimf. 
Ed (Edwin), zoals vaker gezegd,  je bent een bijzonder mens. Type ‘Zeeuws van buiten, 
zacht van binnen’ zeg maar. Je gevoel voor ‘slechte’ humor is feilloos (ja, dat zei ze gisteravond 
ook,  ik weet  het)  net  als  je  kennis  van  obscure/middelmatige/uitgerangeerde  voetballers  (ik 
noem een Errol Refos, een Peter van Vossen....). Dank voor de momenten waarop je de hiaten 
van mijn universitaire opleiding opvulde met gedegen biochemische kennis van het HLO. Leuk 
dat je straks naast me wilt staan als paranimf. 
Roon  (Ronald)  en  Edith,  goed  dat  jullie  beiden  bij  zinnen  zijn  gekomen  en  zijn 
teruggekeerd naar Nederland. Zwitsers en (jullie) humor dat moet een lastige combinatie zijn. 
Bedankt dat ik van jullie de fijne knijpjes van het ‘in vitro translatie and crosslinking‐vak’ mocht  
leren. Natuurlijk vooral bedankt voor de mooie momenten in de Stelling en het RNC met veel 
onderbroekenlol en gezang. Roon, de  juweeltjes van Koos en André klonken met  z’n  tweeën 
toch  beter.  Laten  we  ook  het  weekend  in  Kopenhagen  samen  met  Wen  niet  vergeten. 
Gedenkwaardig... Gaat er nog gespeeched worden op ‘de dag’? 
Ben, jij stond aan de basis van dit proefschrift. Deels omdat je de founding father bent 
van het Hbp onderzoek bij MolMic, maar bovenal vanwege de fantastische tijd die ik als stage‐
student bij je heb gehad. Terugkijkend heeft die periode ervoor gezorgd dat ik uiteindelijk AIO 
ben geworden. Bedankt!! Ik kom graag nog een keer bij je langs voor een barbecue’tje. Kan ik 
gelijk je nieuwe meubilair bekijken. 
Nellie,  jij was  jarenlang mede‐slachtoffer  van  de NS‐dienstregeling  vanuit  de  kop  van 
Noord‐Holland. Onder het motto ‘gedeelde smart,  is halve smart’: bedankt. Verder hebben je 
scherpe  vragen  en  opmerkingen  tijdens  werkbesprekingen  die  altijd  terugvoerden  naar  de 
basis (“wat wil je nu eigenlijk precies aantonen met deze proef?”) het praktische gedeelte van 
dit boekje significant verbeterd. Ook hiervoor dank. 
Robert, zonder jouw standaardwerk “Sijbrandi et al., 2003” waren hoofdstukken 3 en 4 
van dit boekje er waarschijnlijk nooit geweest. Dank voor je hulp als ik weer eens niet wist waar 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een  bepaalde  functie  in  Powerpoint  of  Photoshop  zat.  Zeer  welkom  gezien  de 
promotiecabaretje‐met‐Powerpoint‐cultuur die heerst bij MolMic. Veel geluk met  je gezin en 
succes met je nieuwe baan. 
Malene,  jij  zette de  (zeer hoge) standaard.  Ik hoop dat dit boekje  je goedkeuring weg 
kan dragen. Bedankt voor de goede raad in de beginjaren. 
Michiel en Aafke, ik heb met plezier met jullie samengewerkt. Bedankt. 
Mijn studenten Juulia, Joris, Marleen, Anna, Badr en Merril (in volgorde van opkomst), 
dank voor het werk dat jullie met veel toewijding voor me uitvoerden. Het is een cliché, maar ik 
heb minstens  zoveel  geleerd  van  jullie  als  jullie  (hopelijk)  van mij. Mooi om    te  zien dat een 
aantal van jullie het ondanks mijn begeleiding toch heeft aangedurfd AIO te (willen) worden. 
Fruitful  collaborations have  contributed  to  the  realization of  the practical  chapters of 
this  thesis.  I  am  greatly  indebted  to  Jan‐Willem de Gier,  Pierre Genevaux,  David Wickström, 
Tanneke den Blaauwen, Jeremy Tame and Dirk Jan Slotboom for the experiments they carried 
out, the facilities they provided, their comments on my manuscripts, and/or their advice on my 
experiments. Thanks a lot.        
Ik wil ook graag de leden van de leescommisie bedanken voor het beoordelen van mijn 
proefschrift,  alsmede  de  medewerkers  van  het  RNC  voor  het  bieden  van  werkplek  die  m’n 
collega’s tegen mij beschermde. 
Mijn  broer  en  zussen  plus  aanhang  mogen  hier  natuurlijk  niet  ontbreken.  Manfred, 
Annemarie, Martine, Divya en Thijs, bedankt  voor de getoonde  interesse en de broodnodige 
gezelligheid de afgelopen jaren. Manfred, paranimf op afstand, jammer dat jij d’r niet bij kunt 
zijn op ‘de dag’. Ik ben er trots op een broer te hebben die de moed heeft z’n veilige leventje in 
Nederland  achter  zich  te  laten  om  z’n  geluk  achterna  te  gaan.  Ann,  goed  dat  je weer  terug 
bent. Ik heb je de laatste jaren te weinig gezien. We hebben nog wat in te halen. Mart, je zult 
altijd m’n kleine zusje blijven. 
Barry en Marloes,  jullie ook bedankt, met name voor de momenten van ontspanning, 
want ook ik kan me niet heugen dat jullie ooit enige blijk van interesse hebben getoond in waar 
ik me mee bezig heb gehouden ;). Zwagers United! 
Ans en Wim: schoonmoeder met hart van goud en bourgondische inslag, schoonvader 
met hart én handen van goud die van voetbal en een biertje (of lekkertje) houdt. Bedankt voor 
alle getoonde interesse, goede zorgen, hulp en gezelligheid. Jullie zijn treffertjes. 
Pap en Mam,  ik had het voorrecht te mogen opgroeien  in een gezellige, stimulerende 
omgeving  waarin  ik  altijd  m’n  eigen  gang  kon  gaan.  Jullie  zorgzaamheid,  onvoorwaardelijke 
steun en bijsturingen op de  juiste momenten  (b.v. Werenfridus  i.p.v. Oscar Romero) hebben 
uiteindelijk  geleid  tot  dit  proefschrift  en  ander  moois  (zie  onder).  Ontzettend  bedankt  voor 
alles! 
Lieve  Wen,  op  het  moment  dat  ik  dit  schrijf  (donderdagavond  2  oktober)  zit  jij  je 
zenuwachtig  te  maken  voor  de  verdediging  van  je  eigen  proefschrift  morgenmiddag.  Niet 
nodig, want ik weet dat je het prima zult doen. Ik ben trots op je! Mijn dankbaarheid voor wat 
jij de afgelopen  jaren voor me hebt betekend  laat  zich niet  in een paar  lullige zinnen vatten. 
Laat ik het daarom gewoon houden bij CHEERS!!    
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